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CYCLOGENESIS - CURRENT OPERATIONAL NEEDS AND EFFORTS
AND A FEW PROPOSALS FOR THE FUTURE

Arnold L. Sugg
U. S. Weather Bureau, Miami, Fla. 4

INTRODUCTION

The most vexing and perhaps the most urgent problem that the hurricane
forecaster must deal with is the formation of the tropical cyclone. This
forecast is a time consuming job and one that is not very productive. Our
position is not firm and we can only improve it if, periodically, we suryey
our operational needs regarding cyclogenesis, take a good look at our current
efforts, and then try to decide on the avenues and procedures to apply to fu-
ture research. This paper will try to assess the problem from the forecaster's
point of view.

Those-who are or have been engaged in the business of warnings have, at
times, found it most difficult to arrive at a professional decision on where
and when cyclogenesis will occur. Our forecast rules for deepening and form-
ation of extratropical storms are certainly more rewarding than those which
we apply to incipient conditions in the Tropics. This, of course, is due in.
part to the greater amount of data in northern latitudes. What is most dis-
turbing to many of us is the knowledge that we can forecast a 10-mb. drop in
pressure in a baroclinic atmosphere, but find it most difficult in the Tropics,
and the realization at the same time that this amount of change could mean the
difference between a weak easterly wave and a potentially dangerous tropical
storm.

To place the problem in its proper perspective, we can say bluntly that
we are not doing a good enough job in forecasting hurricane formation. It is
true that over the past decades there have been very few disasters, if any,
that could be attributed to this deficiency. Probably the record has been
good, or at least satisfactory, because there is a never-ending alert on the
incipient conditions and aircraft and radar surveillance have been improved
and increased. It is doubtful if there is a forecaster in the business that
ever leaves a tour of duty without a very uneasy feeling about the moderate to
strong easterly wave which he left, status quo. This is not to say that fore-
casters are floundering with this problem, but it is to say that we should be
doing better and that research along these lines deserves the highest priority.

From time to time the Weather Bureau publishes various kinds of forecast-
ing guides. One, dealing with hurricane forecasting, came off the press in
1959. In this particular one, in which the foremost hurricane forecasters
were consultants and editors, there appears this statement: "The problem of °
determining precisely when and where a tropical storm will form in a five-day
forecast period (or even in 24 hours for that matter) is of a high order of
difficulty and is presently done on a very subjective basis" [1]. This state-
ment is as true today as it was two years ago.
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Figure 1. - Total frequency of tropical cyclones with track starting at each‘5°
(From Colén [2].)
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Figure 2. - locations where tropical storms reached hurricane intensity 1901-

1955. (From Dunn [3].)
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OUR OPERATIONAL NEEDS

It would be very easy to be complacent and ignore our dilemms using the
argument that formation takes place so far at sea that there is always suffi-
cient time to warn people of any dangerous winds or tides, one might .say that
we should not be too concerned about formation but that we should apply our
efforts toward better forecasts of movement after the storm has been located.
The truth of the matter is that a great many of our storms form rather close
to land. Here are illustrations (fig. 1 and 2)taken from papers by Colén [2]
and Dunn [3]. Thesé figures are a reminder that some of the main areas of
cyclogenesis appear near the continent or near some insular group - locations
which are too close for comfort for the duty forecaster. :

Figure 3 depicts the tracks of the storms which formed during 1959. We
note that hurricane Debra (No. 5 on the figure) formed and intensified, only a
short distance off the Texas coast. Comparatively speaking, one might sey
that this was a minor storm; yet at Dickinson, Tex., the barometer reached
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29.13 1in., there were wind gusts to 105 m.p.h,, and rainfall totaling 13.40
in. The seriousness of such a situation is best deseribed by a statement by
Mr. Ernest Carson, MIC at our Galveston office. "Since Debra developed only
a short distance off the Texas coast, which naturally limited the time period
for issuance of warnings, it was noted that people and interests taking im-
mediate action had no complaint. It was noted, however, many other people
procrastinated and lost valuable time in making their preparations for pro-
tection of property."

Even if the suspicious ared is far at sea, the argument (that we should
not be too concerned until after the storm is formed) is weak simply because
the Weather Bureau and Navy do have various marine responsibilities to mili-
tary craft and to the merchant marine. Demands are increasing. Missile and
satellite firings and recovery operations by the Air Force and other military
and civilian agencies are bringing about more and more requests for spot fore-
casts throughout the marine areas. These things are mentioned to show that we
do have real needs, aside from the academic interest, and that we must move
ahead toward a better understanding of tropical storm formation.

Just what does the forecaster do at various stages of development of a
suspicious area? Each day there is a regularly scheduled tropical weather
summary which locates and briefly describes all areas of suspicion. This is
the only course of action taken when it appears that there is less than a 50
‘percent chance for development. If the situation seems more favorable than
this, but not enough to warrant naming the storm, the forecaster issues a bul-
letin on the existing conditions and then takes every course of action that -
he has available, through radar, aircraft, ships, and special land observations
to determine the first possible clue to intensification. Although some recon-
naissance into suspicious areas has been curtailed in recent Years, we have had
sufficient flights in most cases. There have been times when a huge amount of
various types of data has been supplied over a period of several days prior to
the development or dissipation. At other times we have barely had time to get
some data, much less sufficient data, before the initial formal advisory.

Most of us have relied heavily upon aircraft reconnaissance during the forma-
tive stages, and have taken the attitude that this is the best procedure to
firm and direct our thinking, at least for the next 24 hours. But this is
hardly enough because many times it means that we are merely reporting weather
‘rather than forecasting. Again, this points up the need for better forecast
‘ryles on tropical cyclogenesis.

There are other reasons why we must improve the cyclogenesis forecast.,
One conclusion which seems fairly obvious, although it might not necessarily
be true, is that we should expect improvements in forecast movement, decay,
rainfall amounts, etc., if and when we solve the issue being considered here.

OPERATIONAL PROBLEMS
It is probably true that very few formations have actually and scienti-
fically been forecast. In every given situation and in every group one will
find the usual variety of conclusions based upon the usual variety of reasons.
Our present knowledge requires that operations lean toward the conservative
side. This mustbe true, otherwise we would wind up most hurricane seasons
with a number of named easterly waves. This simply means taat the inadequacy
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of our forecast rules forces us into a waiting game of calculated risk. We

would like to be able to eliminate this risk with good solid reasons, rather
than wait until conditions worsen to the point where the observational tech-
nique is no longer tenable.

' The next problem which should be mentioned. is always present although
really not difficult after the decision has been made that a storm is-.develop-
ing. Our machinery. for. finding and tracking storms and every facet of opera~
tions which goes into the forecast and the dissemination of the warning are
not in completc operation for the five months or so which is normally desig-
nated the hurricane season. Planes of the Air Force, Navy, and Weather Bureau
are on various degrees of Alertness and this involves a great number of men
at various locations. Extra teletypewriter circuits need to be placed into-
operation while work schedules are revised to take care of the additional work
load. Special reports. from ships are requested and accelerated observational
procedures are activated throughout the West Indies, Central America, and the
States. Here, then, are some time-consuming chores that could be done in a
more leisurely manner if we were able to determine that there would be an ad-
visory 3, 6, or 12 hours hence.

Forecasting for the plan of the day poses another operational problem.
This plan is a Jjoint Weather Bureau, Air Force, Navy plan which outlines the
area to be reconnoitered by aircraft on the following day. If these suspi-
cious areas cannot be forecast with some degree of accuracy, then many valu-
able and expensive flying hours are lost searching for the unknown. The
better our initial effort, the better the planes can be directed to coordinates
with greater confidence and the time that will be saved in search can be used
to meet specific data requirements. Any improvement in the forecast will
automatically lead to smoother operations which will in turn relieve the fore-
caster of some duties which time could presumably be used to improve the warn-
ing.

Here, as in other areas of research and operations, we have the diffi-
culty of securing data. This seems to be an age-old problem and one that can
never improve materially unless the observation and communication systems are
overhauled. We have too many dual circuits with a variety of traffic with
different priorities. Some bottlenecks are the result of air, land, and sea
surface information of a variety of kinds, in a variety of codes, arriving at
one place or another over different communication channels from various for-
eign countries. There are, of course, other restrictions which depend upon
the priority. Some of these are necessary so that normal commercial traffic
can continue. In recent years, some of our requests have been challenged by
the authorities directing missile and satellite operations. Undoubtedly, the
fact that our business is seasonal and that the tempo increases greatly with
the first clue to cyclogenesis, contributes to compounding a knotty problem.

So far, it might seem that the remarks here are anything but compliment-
ary for the hurricane warning service. This was not intended; it is intended
that these general remarks describe some of our activities prior to, during,
and immediately after tropicel storm formation.
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CURRENT OPERATIONAL TECHNIQUES

Just what is being done to improve forecasting cyclogenesis? The follow-
ing list briefly describes some of the work on cyclogenesis which is currently
being tested and checked at the National Hurricane Center. Most of this is
done on a daily basis with the results available to the forecaster during the
daily map discussion. Again, this is a joint effort with the military, the
National Hurricane Research Project, and the operations unit of the Weather
Bureau. The objective here is short range forecasting; that is, determining
if an incipient situation will intensify in 12 to 24 hours.

1. 2h-hr. pressure changes are plotted. The importance of this was
first pointed out by Dunn [4]. He later indicated that these changes should
be watched very closely in the vicinity of an easterly wave, since about 80
percent of our hurricanes originate in this particular symoptic feature.

2. Nephanalysis. This is used to delineate areas of above normal
cloudiness and serves to direct our attention to specific danger areas.

5. Our low-level isotach analysis continues in somewhat of an experi-
mental stage. Here we try to pick up areas where low-level convergence is
occurring. This is also a subjective attempt to define the vorticity fields.

Lk, Using sea surface temperatures, computations are made on heat flux.

5. An attempt is made to classify the easterly wave as stable or un-
stable. This is done in a very subjective way using the weather and clouds on
either side of the wave.

6. The strength and trend of the zonal westerlies are noted each day.
While Riehl [5] never intended that this type of analysis would pin-point the
formation, it is regarded as most important by practicing forecasters today.

T. Thickness charts were .analyzed during the last two seasons. It is
too early to report on this technique from the practical stand point, however,

our theory would imply that this analysis will be rewarding.

8. Recently, Riehl has been doing computational work on the dlvergence
field in the vicinity of the high-level anticyclone and on the mean radial in-
flow in the very low levels. This latter computation makes. use of ship ob-
servations.

9. An attempt is made to follow all high-level vortices.
-10. Current charts are checked against composites comstructed by
Miller [6]. These composites are for selected situations. They are con-

structed at the 200-mb. level and represent times up to 2 days prlor to maxi-
mum 1ntensity.

11. Current T00-mb. height anomalies are checked against Ballenzweig's
[7] height anomaly charts.

12, Using the IBM computer, Colén has been doing some work on high and




275

low level divergence and convergence patterns. - The Bellamy tr:la.ngle method
is utilized. This has helped some in routine air mass shower forecasts and s
date permitting, has promise for the problem of cyclogenesis.

13. Landers has been working with the 500-mb. charts. Using streamlines,
he subjectively determines and follows s from day. to day, centers of a.ction,
the depth of the easterlies and westerlies, and the vorticity maxima.

1%, Rosenthal is working on numericel prediction. The objective here is
a model which can be used to forecast the field of motion in the Tropics. A
usable prognostic chart would certainly be an imporba.nt step in solv1ng the
formation problem. :

15. Alaka is doing work on ‘dynainic instability above the incipient area.

16. The forecaster places a great deal of faith in climatology especially
where date are sparse or where other methods appear weak or conflicting. '
There seems to be no question that climatology will play an even more im-
portant role in the future.

17. Various check sheets are used. These contain practically all of the
above-mentioned techniques in one form or another, weighted in a number of
ways. So far, this has not been too successful. It seems that there are too
meny results too close to the 50 percent probability figure, which is usually
known prior to completing the check sheet.

It is not my purpose here to evaluate the above analyses and technigues.
But, considering the number of items listed ebove, a large part of our man-
power is diverted to this effort since there. seems to be a suspicious area
every day of the hurricane season. Our data icate that more than 50 per-
cent of our days are non-storm days, and this means that most of our time is
spent trying to locate where and when the next storm will occur. During the
1960 season, we had the first of what seemed to be an- orga.nized system in our
map discussion. This is a start toward streamlining our procedures, perhaps
it can be improved.

PROPOSALS

There have been meny theories of tropical storm cyclogenesis. None is
considered completely satisfactory, although all have contributed something,
directly or otherwise. Riehl [8] has done more in recent years to evaluate
the various aspects of the theories and, of course, has added his own con-
cepts. Forecasters feel that his basic ideas are firm and ‘bhat we need to
move shead along the lines of his theory.

It is obvious that tropical storm formation requires a unique- combination
of parameters. It has often been stated that the question may not be why we
have hurricenes but why we have so few of them. Since there may ben vb.rious ‘
factors involved and the meshing of these is so intricate, there isvsome doubt
that we may ever be able to evaluate the parameters objectively. At least
this is a reasonsble conclusion if one considers the amount of data at hand.
This attitude then leads to the need for & stetistical method utilizing multi-
ple regression equations as in the Veigas-Mi]ler [9] technique for motion
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forecasting. One would then start with the first indication of a surface dis-
turbance, then search for predictors, surface and aloft, which would make a
significant contribution to the deepening process.

Once more data are available, there is no reason why a rather simple
methodical approach cannot be applied. In general terms, this may take on
the form of the determination of the mechanism for the well organized ascent
of the air which is necessary to release latent heat. Secondly, the mean
radial inflow in the lower levels must be found. Thirdly, we should assign
some measure of strength to the existing surface perturbation. We can do this
objectively. Computations can be made on the divergence field at high levels,
the mean radial inflow near the gradient level, and, through a vorticity anal-
ysis, the strength of the system can be noted. It would seem that a vorticity
analysis would have some advantage over the streamline analysis. In the past
we have probably concerned ourselves too much with the various singular points
in the streamline pattern and overlooked, at least to some extent, the speed
field. More frequently than not, the latter represents a greater vorticity
concentration than the singular point. The importance of the speed maxima is
noted in tornado and precipitation forecasting. The analyses and forecast .
positions of the high and low level jet stream maxima are current operating
procedures in severe weather forecasting. There is no reason why a similar
technique cannot be utilized in the tropical atmosphere. There is every rea-
son to believe that the meso-lowso frequently observed in the homogeneous air
mass in tornado situations will be observed during the initial stages of the
troplcal storm and that the causes for this depression in the pressure pattern
are the same in both cases. :

Perhaps the above is too simple and we shall find that the whole basic
theory must be improved. Perhaps there is a missing link, although it is more

' likely that current data deficiencies prevent any breakthrough to a logical

operating procedure. There is every reason to believe that we will have
sufficient data in the next few years. We have recently seen & highly suc-
cessful Marine Automatic Meteorological Observation Station (MAMOS). It is
my understanding that there will be three such stations during the coming sea-
son. Considering what is at stake here and the amount of money being spent
elsewhere around the world, we should urge that this number of automatic sta-
‘tions be doubled each year during the next four or five years. More observa-
tions will mean better research and definitely better forecasts for Iatin
America. The latter would seem to be a cheap and good way to establish good-
will in that community. A _ o ' .

Let us proceed one step further and collect our MAMOS into a close net-
work over a well-known spawning area such as the northwestern Caribbean Sea.
Apparently these stations offer no particular hazard to marine navigation, not
even if we place them 60 n.mi. apart. With adjacent land reports we would
‘then be“able to compute two of our unknowns - the low level inflow and the
vorticity field. We would need frequent flights of just a few airqrqftAopere
a&igg?g@gn;thlévels and a WSR-57 radar on an island in the center of the net-

- work....Small precipitation area winds (SPAWINDS). computed from the radar along

with the.MAMDSvnet and the flight data would produce the amount of data neces-
sary for:.the.research. The quality of the forecasts and the. fruits of research
would depend upon the density. of the network up to a certain point, however, at

ke oy

———— e e o
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Figure 4. - Optimum MAMOS grid over the Northwestern Caribbean.

some place along the line the law of diminishing returns would take over. After
the first storm, it would seem that a decision could be made on the optimum
density - one that does the job and is economically feasible.

Figure 4 represents what is initially thought to be an optimum grid.
Twenty automatic stations plus existing land stations are indicated in a cyclo-
genetic area.

There is aremote possibility that an economical network does not exist.
However, this seems very unlikely in view of the advancements being made in
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automation, Instrument specialists believe that very shortly our automatic
stations will be operated without a power source at the installation. The
station would be activated by energy from a remote location, such as a radar
beam. If one considers installation on buoys, ships, aircraft and. free bal.
loons, along with land and alrborne radar, the dream of sufficient data may be
coming true. It is just about a reality then, that our observationel program
will undergo major changes and that there will be an unlimited amount of data
at all elevations and at s relatively low cost. i

Summarizing these remarks » I would like to say:

1. There is a real need for an objective technique to forecast tropical
storm cyclogenesis. Warnings will be better and more timely if we can erase
some of the uncertainty that currently prevails, especially during near-shore
developments. .

2. Serious operational problems with data and communications do exist;
however we seem to be coming into an era where automation and computers will
eliminate most of the difficulties.

3. Most forecasters feel that researchers have, to some extent s neglected
the problem of tropical cyclogenesis. It should enjoy a higher priority posi-
tion and more attention. The time appears right for an accelerated reseaxrch
program.
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MECHANISM LEADING TO HURRICANE FORMATION

(A Condensed Version*)

Ho "Lo Kuo
Massachusetts Institute of Technology,
Cambridge, Mass. -

1. INTRODUCTION
The formulation of a satisfactory theory on hurricane formation depends

on finding the proper initial atmospheric conditions and the necessary energy
supply for the atmosphere which, in accordence with the appropriate dynamic

"and thermodynamic equations, will lead to the development of a tropical storm.

In order that such a development shall occur, the initial condtion must have -
the following properties: (i) It must be unstable with regard to some pertur-
bations, in the sense that it tends to change, and (ii), the combined system
of the initial state plus the perturbation must tend to evolve into a system
which has the characteristics of the tropical storms.

The aim of this paper is to find such initial conditions by the applica-
tion of linearized dynamic and thermodynamic equations. Because of this sim-
plification, the verification of-the theory or the model must await integra-
tion of the nonlinear equations. '

2. PERTURBATION EQUATIONS

Since we are interested in the formation of the hurricane, which is rather
symmetric in its fully developed stage, we shall adopt a cylindrical coordinate
system ( r, A, z) and use u, v, and v to denote the corresponding velocity
components. Dependence of the variasbles on the polar angle Ais assumed to have
been eliminated by integration.

In order to find the proper initial conditions leading to hurricane form-
ation, we assume the avereged initial state to be characterized by Vg2 po, po,

and To’ each being & function of r and z, which satisfy the following

equations
2 ) :
1 apo _ N% - f2r apo - (2.1)
p_ or 3 ) oz &, *
o r
Bso 1 6M52
6% = 3 5% (2.2)

where MB = vor + %-f r2, S, = log Oo, © being the potential temperature.

*The complete version of this paper will be published elsevwhere.
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—
Putting V = v' + voj, p/p = (Po + P')/Do, s = s0 + s', the linearized
dynamic and thermodynamic equations are given by

2M

3x 0 A1
E(ru)=-r§;+;2—M - 1) (2.3)
oM M
EM'+uar°+ wazo=--r‘-I2 (2.4%)
Ew = --g-’;- + gs' - J3 (2.5)
Js ' Js Q
B %
po

vhere E = 3/ot -) VE, = p'/po, and Y is the eddy coefficient of viscosity
and eddy conductivity. .

Introducting a Stokes stream function Y for the meridional velocity compon-
ents u and v, and a related function w, defined by

Y Y _ Y ecrz/2

PTU = - 55 PTW = Fpr O (2.7)

where ¢ = - po'lapo/az , a partial differential equation in ® is obtained by
eliminating M' and s' from the equations (2.3) to (2.6),

.2 ds 1 u_ 2 ;2 3% 32,
(2.8)

1 4

ds., Os L oM
2 d 19 2 2 2, 2 E_ o 8
were By =Ty rerc D Th rO/h el g tomom OF

ds Bs

saturated ascending motion and E—E' r for u.nsa.tura:bed or descending motion,

and N denotes the contribution by the asymmetric non.linear terms and is inde-
pendent of w.

According to this equation » there are three different kinds of insta.bility
which mgy serve to drive the meridional circulation:

ds
(i)  unstable stratification, ;TE <0
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(ii) rotational instability, = <0

(iii) instability due to radial temperature gradient, requiring

Bso 2 g2 Bso
&)= :

We note that when Bso/az is small, a small radial temperature gradient

will be able to initiate a meridional circulation. However, observations show
that the traveling disturbances in the Tropics, out of which tropical cyclones
develop, are cold core rather than warm core systems, therefore type (iii) in-
stability is absent at the initial stage of the development, although the .
radial temperature gradient may become the main driving force later. Thus if
the initiation of the tropical storms can be attributed to the instability of:
a simple state for small perturbations, it must be due to either type (i) or
type (ii) instability.

3. PERTURBATIONS PRODUCED BY UNSTABLE STRATIFICATION

Bso -3 BN%Q -
When 5o =0 amd r 7 == = £ = 0, eq. (2.8) permits solutions of
the form
_ qt knz nr
w=Ae SinTrJl (dh) : (3.1)

Substitution of (3.l) in (2.8) yields

2 2,2  y2yy1/2 ,
gs = £~ (k +A)) 2 5 N

- @Y + kYY) (3.2)
( K° & X 4ol he h z

q:

os A .
where S = - EEE and ;\= oh/n. Maximum g corresponds to k =1, &K= 1.6,

therefore the resulting motion is cumilus-scale convection. (See fig. 1 and
Kuo [4].)

The effect of a stable descending region is to narrow the ascending region
further [4]. Therefore simple convection theory cannot explain the hurricane
formation. The limiting perturbation as explained by Haque [2] and Sydno [8]
seems to be of no particular significance unless a nonlinear mechanism can be
found for the intensification of this scale of motion.

However, the temperature perturbation given by the solution dictates that
if an organizing mechanism is present to promote the large-scale circulation,
the small-scale convections can contribute directly to the maintenance of the
large-scale circulation (see fig. 2).
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R (k2 + Ag) - gszcl.2 1/2 2 > 2 ' .
-F(d%+k )%) . (k.1a)

q:
k2+2\2 +olf

The maximum growth rate is associated with perturbations of large horizontal
dimension (X —3 0 ) and k = 1, and is given by
1/2 2

q =R -i.é.’yz } (4.1p)

Thus rotational instability fe.,vorél laféé-sca.le circulation, In addition, it
tends to create horizontal divergence in the region of BM;‘:/ or < 0, which is
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important for the initiation of the proper large-scale -circulation 1f it occurs .
in upper levels.

Initiation of tropical cyclones by this mechanism has been proposed by
Sawyer [7] and by Kleinschmidt [3].

However, this instability camnnot supply the energy for tropical storms
because R is rather small, of the order of f2. Its importance is solely to
organize a large-scale flow, which will derive its energy from the heat of con-
densation.

5. A COMBINED INITIAL STATE FOR HURRICANE FORMATTION
The following model is proposed:

(i) A deep layer of moist but unsaturated conditionally unstable tropical -
atmosphere (%ndﬁl?‘:rh), wvhich is stable for small perturbations but possesses

enormous amounts of energy which can be released by organized finite amplitude
disturbances,

(ii) A warm ocean with a temperature higher than the sea level air temperature,
80 as to give a continuous flux of heat and water vapor from ocean to air. How-
ever, the low-level atmosphere should be unsaturated unless it has traveled a
long journey over the ocean. This factor will insure the growth of large-scale
circulation and prevent cumulus-scale convection from developing spontaneously.
The heat and water vapor flux are apt to keep the surface temperature uniform
even when horizontal pressure difference is present, a seemingly efficient
state stressed by Riehl [6].

(iii) A pre-existing wave disturbance, such as an easterly wave, which has
organized large-scale convergence and divergence regions and associated small
vertical motion. This system is stable by itself.

(iv) The superposition of an upper-level anticyclonic circulation, with rota-
tional instability, over the convergence region of the wave disturbance. This
factor serves as a trigger action to set up a large-scale horizontal mass di-
vergence aloft and to intensify the convergence below, and thereby helps to
transform the wave motion into a symmetric motion.

While (i) and (ii) are necessary for both the development and maintenance
of the tropical cyclones, (iii) and (iv) are important only for the initial
stage of the development, and may possibly be replaced by other synoptic situa-
tions if they can produce the same effect.

If this model is to be tested by a numerical integration, cumulus-scale
convection must be controlled so as not to give rise to unbounded amplifica-
tion. 'Entrainment of dry air into the ascending current and strong lateral
diffusion are important factors for controlling small-scale convection. A
preliminary study shows that it is necessary to take a nonlinear diffusion in
order to control the cumulus convection. However, it seems that nature's more
effective way of controlling small-scale convection is through the exhausting
of the moist air supply by precipitation and the drying of the descending
branch of the circulation. This will make the small-scale convective motion
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stop after the dry air from the top has reached the bottom. Further, contin-
uous upward transports of heat and water vapor by both large- and small-scale
motions in the general ascending area make the lapse rate in this region nearly
equal to the saturated adiabatic, after which the sporadic cumulus-scale con-
vection will stop growing too rapidly, whereas the large-scale motion will be
maintained by the horizontal temperature gradient set up through the upward
transpucrts of heat and moisture in the general ascending region.

6. DIFFERENT STAGES OF DEVELOPMENT

In discussing the development of low pressure systems, meteorologists
often like to discuss the removal of air by considering a single equation.
Thus, Durst and Sutcliffe [1] and Palmén [5] discussed the radial flow by an
application of the tangential equation of motion, which is written as

ov dv 1 lz
+ W S =
U= = R CFZ- e ‘ (6’1)
a

Assuming § = f + %‘g to be positive, Durst and Sutcliffe attributed the

outflow aloft to the association of positive w with a negative Bv/az, while
Palmén included all three terms in the numerator and differentiated into dif-
ferent stages.

However, even though these descriptions may be correct, it will be very
hard to derive the radial velocity from the tangential equation of motion.
Since energy is being released directly through the vertical motion, it seems
much easier to deduce the changes of u from the continuity equation, by first
assessing the change of the vertical motion. The radial equation of motion
can also be used to assess the change of radial veloecity, particularly in upper
levels during the time when cyclonic circulation is gradually expanding upward.
Thus we may visualize the development as going through the following stages:

+ (1) Beginning of upper-level anticyclone and outflow and central ascend-
ing motion.

(]

(2) Establishment of low-level low pressure, cyclonic motion, and inflow
and continuation of high-level anticyclonic motion.

(3) Cyclonic motion extends upward.

(4) Cyclonic motion occupies whole depth (or nearly so) in central region.
Upper outflow driven by large centrifugal force.

Coaaewadd o
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PREDICTION OF TROPICAL CYCLOGENESIS
BY STATISTICAL-SYNOPTIC METHODS

(Extended Abstract)

Keith W. Veigas
The Travelers Research Center, Inc.

INTRODUCTION

Prediction of the initial development and subsequent changes in intensity
of tropical eyclones is plagued by many problems. One of the most serious of
these problems is that of specifying the state of the atmosphere at a given
time. This is especially true over the areas of frequent tropical cyeclogene-
S1S.

This difficulty indicates that one should systematically incorporate into
the prediction not only the observational deta that are available at the ini-
tial time in the immediate area of interest but also observations that are
somewhat removed, either in space or time.

It also seems likely that one must attempt to increase the practical
value of the predictions by obtaining a quantitative measure of the uncertain-
ty associated with each prediction. Statistical techniques may be of consider-
able value in accomplishing both of these aims.

STATISTICAL PREDICTION MODELS

In developing a statistical prediction model one is faced with two major
problems. First the form of the assumed predictor-predictand functional rela-
tionship must approximate the predictor-predictand relationships in the real
world and secondly as Lorenz [1] has pointed out the number of predictors
that can be employed is only a small subset of a large array of possible pre-
diectors.

Two techniques'which assume more realistic predictor-predictand relation-
ships have yielded results of practical value.

The first is the application of linear regression in a moving coordinate
system. Examples of such prediction experiments are to be found in Veigas,
Miller, and Howe [5], Ostby and Veigas [3], and Veigas [6]. Here the behavior
of cyclones (motion, change in central pressure and intensity) was related to
predictors measured at locations relative to the center of the cyclone.

Here if we examine for example the prediction equation for the change in
central pressure of the cyclone and rewrite the assumed form of the predictor-
predictand relationships in terms of predictors and predictands defined at
fixed locations it is easy to see that it is assumed in the moving coordinate
prediction model that the pressure change at a fixed location is a function of
predictors measured at varying locations' depending on the location of the -
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cyclone or in other words of the synoptic situation. Certainly this model is
more in agreement with synoptic experience than a fixed coordinate regression
prediction model where we must assume that the predictand (say pressure
change) is a function of predictors measured at the same location regardless
of the synoptic situation.

Another statistical technique that has been adapted to meteorological
problems and is capable of capturing a type of non-linear predictor- .
predictand relationship is multiple discriminant analysis. This technique
has been applied to the terminal forecast problem by Miller [2]. Although
it grossly oversimplifies the mathematics involved, the general aim of this
type of analysis can be visualized by considering the problem geometrically.
For this analysis the predictand is divided into n mutually exclusive and ex-
haustive categories. As an example consider the subsequent temperature at a
station as the predictand. The predictand might be divided into three cate-.
gories corresponding to above normal, below normal, and "near" normal temper-
atures. For each category let us assign a color say red for above normal,
blue for below normal, and green for near normal temperatures. Now visualize
a three-dimensional predictor space where the first predictor is measured
along the x axis, the second along the y axis, and the third along the z axis
of a Cartesian coordinate system. )

Now for each set of predictor-predictand observations we can locate the
coordinates of the set in the predictor space and at this point we can label
or “"color" this point according to the associated predictand. If this is
done for each set of observations in a developmental sample we can visualize
an array of red, blue, and greendots in the predictor space. If the relative
frequency of red, blue, and green dots per unit volume of the predictor space
is equal over the predictor space, the predictors contain no predictive in-
formation. However, if each of the three sets of colored dots forms a clus-
ter in the predictor space and if each of the three clusters is well separat-
ed from the other two, the predictors then contain considerable predictive
information.

Multiple discriminant analysis has several desirable characteristics.
First in cases where certain non-linear predictor-predictand relationships
exist, predictions made using a multiple discriminant analysis model will
yield results that are superior to those of a linear regression model. For
example, consider the case where above normal values of a predictor are asso-
ciated with above normal values of a predictand but near normal values of the
predictor are associated with below normel values of the predictand and below
normal values of the predictor are associated with near normal values of the
predictand. In this case discriminant analysis predictions will be decidedly
more accurate than those of linear regression.

A second desirable property of a multiple discriminant analysis model is
that it yields probability distributions which are functions of the current
and near past synoptic patterns. This is in agreement with experience which
indicates some synoptic situations present a difficult forecast problem while
for other situations the subsequent weather is rather straightforward.

Sample size limitations, dictated by availablility of climatological
records, meke it necessary to use only a small number of predictors in a
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given prediction model. Thus the problem of selecting a small set of predic-
tors that contain most of the predictive information of a large set of possible
predictors is a critical one in developing a statistical prediction model.

In both regression analysis and discriminant analysis the concept of
scereening has proved rather effective in selecting a good subset of possible
predictors. The screening procedure for regression was suggested by Bryan
[7] and developed and programmed for the IBM-TO4 by Miller [8]. From an array
of possible predictors the predictor which has the highest linear correlation
with the predictand in question is selected. Partial correlation coefficients
between the predictand and each of the remaining predictors, holding the first
predictor constant, are then examined and the predictor associated with the
highest coefficient is the second predictor selected. Additional predictors are
then chosen in a similar manner., This procedure is repeated until a selected
predictor fails to explain a significant additional percentage of the remaining
variance of the predictand.

The procedure for screening of predictors for multiple discriminent anal-
ysis, Miller [2], is analagous to screening for regression. In this case the
selection criterion is to select that predictor with the maximum ratio of the
overall dispersion of the predictor to the within predictand group (or cate-
gory) dispersion of the predictor.

While screening does not guarantee the selection of the optimum subset of
predictors experience has shown that it does select a good set. Thus the role
of the meteorologist becomes one of incorporating all available professional
knowledge in defining the set of possible predictors to be screened.

SUMMARY

Statistical prediction models have been developed where the effectiveness
of possible predictors can be tested within a framework of linear and nonlinear
predictor-predictand relationships.

It appears feasible at this point to test in a systematic fashion the
numerous (and often conflicting) cyclogenesis forecasting rules by a series of
statistical prediction experiments.

For example the series of case studies of Gulf of Mexico disturbances by
Riehl [4] points up several quantitative measures of the low-level circulation
patterns that are associated with the dissipation and intensification of Gulf
disturbances. Riehl's studies further indicate several qualitative associa-
tions between upper tropospheric flow patterns and subsequent intensification.

Using these studies as a guide in defining possible predictors one could
statistically relate the change of intensity of Gulf disturbances and the more
important predictors, as determined by a screening procedure.
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CONCERNING THE MECHANICS AND THERMODYNAMICS
OF THE INFLOW LAYER OF MATURE HURRICANES

Stanley L. Rosenthal
National Hurricane Research Project, Miami, Fla.

ABSTRACT *

The Malkus-Riehl model of the inflow layer is extended to
include vertical variations of radial velocity and density. The
tangential equation of motion is solved to obtain radial distri-
butions of tangential velocity for various inflow angles. The
radial velocity is obtained from the tangential velocity and the
inflow angle. The pressure profile is obtained from the radial
equation of motion. The vertical velocity is obtained from the
equation of continuity. These solutions appear to be quite real-
istic.

The thermodynamic constraints implied by these velocity and
pressure fields are examined in relation to the vertical shear
of tangential velocity and the static stability. Convergences
of eddy heat flux and various energy transformations needed to
sustain the velocity and pressure fields are computed. The re-

sults appear to be quite reasonable.

' Some remarks concerning the role of lateral mixing of mo-

mentum in sustaining the hurricane eye are made.

* .
The complete version of this paper is reproduced as NHRP Report No. 47.
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RECENT RESULTS OF THEORETICAI STUDIES
OF CONVECTION BY NUMERICAL METHODS

Douglas K. Lilly
U. S. Weather Bureau, Washington, D. C.

In the General Circulation Research Laboratory of the Weather Bureau we
are interested in cloud-scale thermal convection for a number of reasons.
First, as meteorologists we are aware of the role of thermal convection as a
producer, over much of the earth's surface, of significant and often extreme
local weather phenomena. From a-larger-scale viewpoint observational -studdes
of the general circulation have made abundantly clear the statistical impor-’
tance of cloud convection as a heat and moisture transporting mechanism,
especially, of course, in the tropical regions. It has not as yet been possi-
ble to include this mechanism satisfactorily in numerical general circulation
experiments, and results in the tropical regions suffer thereby. In addition
to the physical interest we find that the thermal convection process repre-
sents a relatively single field of application for the general numerical in-
tegration technique developed for simulation of larger-scale motions, and
provides an opportunity independently to test some of these techniques.

The study of atmospheric convection by numerical simulation has been
pPlanhed as a three-phase process, with the phases somewhat overlapping. First
a computational model or models must be developed, suitable for studying a
fairly broad range of convective phenomena. Secondly, the behavior of the
model should be tested by performing experimental computations under conditions .
similar to and verifiable by adequate laboratory measurements or verified theory.
Finally, upon satisfactory performance in such controlled experiments one may
perform experiments with more realistic (and experimentally uncontrollable)
atmospheric conditions. The work described herein is principally aimed at
testing a model suitable for simulating dry turbulent gaseous cloud scale con-
vection, while the laboratory experiments (those of Scorer, Woodward, and
Richards) to be compared thereto were performed in an aquarium-sized water
tank. The difference in medium and scale makes some comparisons difficult )
although the laboratory experiment itself was originally designed to simulate
certain convective processes of cloud scale. .

At the suggestion of J. von Neumann a pioneering attempt at the numerical
simulation of thermal convection was performed by a group at Los Alamos and
published only recently in a widely available journal [1]. The computations
simulated the overturning of an unstably stratified two-layer miscible fluid
system, and the methods and results should still be of great interest to in-
vestigators considering use of such methods. Another significant advance re-
sulted from the numerical experiments performed by J. S. Malkus and G. Witt
[2], in which the early stages of a bubble-like atmospheric thermal were simu-
lated. Several other recent studies deal with "meso" scale processes including
Kasahara's [3] work on hurricanes, Sasaki's [4] on squall lines, and Estogue's
[5] on sea breezes. The initial conditions of the computations to be describ-
ed here are similar to those used in the Malkus-Witt study, though the compu-
tational model is considersbly different.
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The differential equations from which the numerical difference scheme was
derived are the Eulerian equations of two-dimensional momentum, continuity,
and potential temperature conservation, and the equation of state, all aver-
aged over a significant spatial interval. The equations are written below in
tensor notation, where indices may take the values 1 or 3 (for the present
computations) and the usual summation convention holds:

3(pu,) ot
“dT_i'J'%c; (ouju,) + g%i- + 8050 = 5;%‘-1 (1)
) )
3 * & (oyy)= 0 @
- OH
_Ag.ngl +§Yj(puj Q)=&-§— (3)
p R ecp/cr
= (208 ;
( b ) = (Po ) (%)

* If the spatial averaging scale and a characteristic velocity of the system are
sufficientlgr large we may assume motions are turbulent and the terms on the

right of (1) and (3) are eddy flux divergences. We also assume that eddy
fluxes are proportional to local mean gradients and write these terms as:
» Bui Buj 25 1] éuj
.. = ek, ( + - ) (5)
ij KM BxJ Bxi 811 323
_ 00
HJ. = DKH &J (6)

where KM and KH are variable coefficients of eddy momentum and heat exchange.
Smagorinsky has suggested a formulation for these coefficients based on an
equilibrium theory of turbulence, which for the present case may be written:

- '(kA)ained‘/l'K%m , 1fRLE

| ¢ ; ifRL =

w
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1 Jp 59 g 00
PO ox, ox, § 3§;
Ri = - ) ~ 5 (8)
Def Def ,

Def2 is the square of the finite difference deformation tensor, . /\ is

the spatial averaging interval, and k is an assumed universal constant simi-
lar to the Karman constant. The above expressions are similar to those applied
to boundary layer turbulence by Kazansky and Monin [6], and by Ellison [7] with
here taking the place of the distance from the boundary in the latter. The
ratio KH/ KM is presumed to be a function of the generalized Richardson pumber

Ri, but as in boundary layer flow the proper functional relationship is rather
vague. For neutral stability (Ri=0) the formulation reduces to a form consis-
tent with the Kolmogoroff similarity theory for turbulent flow.

The boundary equations for the present set of computations were chosen to
correspond to solid, smooth, insulated surfaces. For the side boundaries
these conditions presume reflective symmetry. For numerical computation the
set of differential equations and boundary conditions was replaced by a set of
centered difference equations on a space-time staggered grid, as outlined in
a previous paper [8]. The auxiliary, or computational, boundary conditions
required for closing the system were chosen in accordance with Smagorinsky's
criteria [9] to eliminate truncation error from volume integrals of the differ-
ence equations.

The laboratory results which our computations most closely resenble are
those of the experiments conducted at Imperial College by Scorer, Woodward,
and most recently pertinently by J. Richards. In Richards' experiments a
trough of saline solution, made visible with a tracer dye, was introduced into
the top of a glass-walled tank. The resulting quasi-two-dimensional flow
patterns are qualitatively similar to the axially symmetric thermals discussed
by Scorer and Woodward, although the quantitative relations are somewhat dif-
ferent. Theoretical discussions by Batchelor, Scorer, and others have been
based on the principle of self-preservation, or steady-shape, of the flow pat-
terns. If L, W, and [& p are the characteristic length, velocity, and density
deviation of a thermal element, these are related to each other and to the
time elapsed (from a virtual origin) as follows: :

L o 2/3

aL , ,-1/3
X == ol
W das b

12 /\ p = const.
These and other related proportionalities seem to be fairly ﬁell verified by

Richerds' observations, and he has determined various proportionality constants
and pattern shapes to the first approximation.
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A series of over 30 numerical experiments was performed in order to test
various computational features of the model. The majority of these were con-
ducted on the "low resolution" grid of 16 x 16 points at 250 meter intervals.
For all of these the same initial conditions were applied, and generally one
computational parameter was varied for each subsequent case. The majority of
these dealt with various methods of applying diffusive-type terms. When the
viscosity coefficient was eliminated or made too small the system exhibited
non-linear computational instability of the same general type as discussed by
Phillips [10] and encountered by Malkus and Witt, Hinkelmann , and others. A
constant viscosity-diffusion coefficient sufficiently large to maintain compu-
tational stability (250 m.2/sec.) essentially eliminated most of the non-
linear aspects of the system and resulted essentially in a Fickian diffusion
computation. The turbulent viscosity formulation of equations (7) and (8) was
applied with k = .25, .5, and 1.0 and KH = KM The intermediate value of k at

the time apparently yielded best results. The equality of KH and KM allows
the coefficient to vanish for large positive static stabilities , and where

this occurred there was a tendency for increasingly large truncation errors
and slight instability, especially in the later high resolution experiments.
When the Richardson number term was completely eliminated from equation ( T) the
flow pattérns exhibited some irregularity in the statically unstable regions
but were better behaved in the stable areas. Thus these results suggest that
better computational behavior might be obtained by making KH/ KM > 1 for Ri

< ¢ and K.H/KM < 1 for Ri > 0. These conclusions are not inconsistent with

physical intuition and have been suggested as being valid for boundary layer
flow by various authors, e.g., Ellison.

A few numerical experiments were performed to test various methods of
differencing, especially in regard to the weight term in the vertical equa-~
tion of motion. The discussion in the previous paper (8] although not en-
tirely pertinent to this system, suggested that the choice of methods was of
little importance. The tests conducted fully verified this suggestion and in-
dicated that any computation which remained stable was sufficiently "smooth"
so that spatial truncation errors were negligible. This perhaps implies that
the smoothing effects of the viscous-type terms considerably reduce the effec-
tive' resolving power of the grid.

A number of experiments have now been completed with a higher resolution
grid - 32 points in the vertical and 48 in the horizontal, with 125-meter grid
increments. The first two of these were initiated with conditions similar to
one of the low resolution cases - that where k = .5 and all terms of equation
(7) were used with KH/KM = 1.0. The disturbance was entered in the density

field and made proportional to the cosine-squared in both directions, centered
at the region. Figures la and 2a indicate the general arrangements. Develop-
ment of the thermal may be divided into four stages as follows:

(1) Signal propagation. An initial small-amplitude sound wave passes

through the area in about 15 seconds. After its passage the pressure-density
fields are in quasi-static equilibrium and ‘motions are largely non-divergent.

1

a - s = e e

it
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Figure 1. - Maps at 12 minute intervals of the potential temperature and
stream fields for experiment No. 10. The shaded area includes potential
temperatures greater than 290.01°.

(2) Acceleration. The thermal initially accelerates linearly and spreads
vertically, because of the nearly constant (with time) exchange coefficient.
The end of this stage is characterized by a lateral splitting of the bubble
and formation of the typical "mushroom" shape. The experiments by Malkus and
Witt beautifully illustrated the early part of this stage.

(3) Approach to the shape preservation stage. We will see that this is
not accomplished uniformly by all observable parameters and is evidently not
completed in any of the experiments to date.
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(4) Spreading out and dissipa-

tion. This occurs when the thermal

runs into an upper boundary or strong:

stable layer. The end result is a
stable gravity wave propagating out-
ward. i ‘

We now. compare some qualitative
and quantitative results of the ex-
periments illustrated in figures (la’
-d) and (2a-c) denoted as No. 10 and
No. 101 respectively. First one’
should note the generally increased
rate of development of the higher re-
solution cases. This is essentially
because in the early stages of the
Jow resolution case the viscosity-
diffusion terms are seriously inter-
fering with the physics of the dis-
turbance scale. Whether the high
resolution cases are sufficiently
free of such interference can prob-
~ ably only be determined by a further
increase in resolution. Figure 3
" illustrates the spatial trajectories
_ of the vortex centers of the two ex-
~ periments, plus another, No. 100,
with somewhat different initial con-
ditions. It can be seen that the
angle from the vertical of these
trajectories is nearly equal in all
- cases and remains nearly constant
over a considerable period of time.
This angle may be closely related
to the entrainment rate. Other re-
sults indicate that it is essential-

1y independent of k, given sufficient resolution.
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Figure 3. - Spatial trajectories of
the vortex centers of experiments
Nos. 10, 100, and 101.

In figure 4 are sets of

curves of various quantitative features of the three experiments plotted a-

gainst time on a log-log scale.

These quantities are comparable between ex-

periments. They consist of the following:

(a)
()
(e)
(a)
(e)
(£)

the total kinetic energy;

the distance of the vortex center from the éénter line;
the maximm value of the (approximate) stream function;

the total released potential energy;

the maximum value of vertical momentum;

the rate of change of total kinetic energy;
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Table 1. - Comparisor with Richards' experiments.

Quantity ﬁi:ha‘r ageds' Expt No.100  Expt. No.101
n 2,1k 3,00 2.96
‘ 052 067 06)"’
-Ek‘/Ep <37 .62 .64
c/zz 1.09 1.h7 1.4k

1.46 1.90 1.95

wmax/z _
Z//%Jj%; dxdz 5 T2 N B

(g) the total energy dissipation rate:
(h) the maximum value of potential temperature.

The straight diagonal lines on figure 4 represent powers of time and are locat-
ed adjacent to the curves to which they should correspond in the shape preserv-
ation theory. It is evident that different quantities approach desired rates
non-uniformly, but that in all cases they approach closer for the high than
the low resolution experiments.

In view of the reasonably close approach to the shape preservetion exhi-
bited by the high resolution experiments it is of interest to compare values
of certain characteristic features and parameters with those obtained from
Richards' experiments. Table 1 summarizes a few of the comparisons. The quan-
tities compared are the following: ’

n = the ratio of Z, the height (from a virtual origin) of the thermal
"front", to R its radius at the widest point.

¢ = the height of the widest part of the thermal divided by that of its
front.

-ﬁk/ﬁp = the rate of increase of total kinetic energy over that of loss of
potential energy.

C/Zi = the circulation over the product of the height and velocity of the
thermal front.

wmax/i = maximum vertical velocity over velocity of the thermal front.

. 2 Ae
7 ‘/ﬁ f —5— &xdz = a quantity proportional to the ascent rate
divided by the root mean released potential energy.
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Evidently the numerically simulated thermal is too tall and narrow, the
velocities are too large compared to the ascent rate, and the ascent rate
itself is too large, It should be noted that, in spite of these indications
of insufficient damping there is no evidence of computational instability.
Thus we arrive at the important conclusion that computational dissipation suf-
ficiczt *to insure computational stability is less than that required to simu-
late observed motions.

Tentative results suggest that an increase in the value of the constant k
would lead to some slight improvements in results. It is felt, however, that
the general formulation of the eddy exchange terms requires some modifications
to allow a closer approach to physical reality. One possibility would be to
carry turbulent intensity as a forecast variable instead of assuming it to ad-
Just instantaneously to the shear.

Recently some experiments have been performed with very large amplitude
disturbances. The shape preservation solutions are not supposed to be valid -
when the density disturbance becomes of the same order as the mean density.
Laboratory experiments have shown that entrainment and dilution become less
for a rising low density bubble, and theory suggests that it might be greater
for a falling high density bubble. Experiments run both ways with tempera-
ture amplitudes of about 200° showed somewhat unexpected though explainable
behavior. The hot bubble did indeed rise with a slightly steeper vortex tra-

jectory angle, but the cold bubble fell with an even smaller angle. The appar-
ent reason for this discrepancy was the effect of the gas compressibility.
Even with no entrainment (as in the case of a balloon) a bubble would expand
while ascending and shrink in descent. The complicating factor must then be
kept in mind when comparing liquid and gas results.

One rather interesting experiment was started with a hot bubble at the
vottom and a cold bubble at the top directly overhead. Due to the mathema-
tical symmetry of the system there was no possibility of the thermals by-pass-
ing each other. Figure 5 shows the development of this umusual experiment.
The cold bubble evidently contained more available potential energy (this is not
immediately apparent) and eventually overwhelmed the hot one, after both lost
a great deal of their available energy through the diffusion of heat between
" they. The final pattern is not unlike a very large single cold thermal sur-
rounded by a weak warm blanket. This illustrates the general tendency of
small cowplex patterns to .amalgemate into larger simpler ones. A more pertin-
ent meteorological example of this would be the coagulation of two or more-
rising thermals into a larger one. It is planned to explore this in the near
future, : . ' - L o .

Other future plans included developrent of a quasi-statically balanced
model similar to that of Malkus and Witt but to allow the non-sonic effects of
compressibility. “This ‘will allow greater resolution for a given amount of ma-
chine . time and also make practicable the inclusion of moisture condensation
effects.



299

X {(MFTFR)

t=160 sec.

=0 sec.

|
3000

X (METERS)

4

(SY3L3IN) Z

X (METERS)

1:200 sec -

\ o~
A |
1 .
At L. J I B~
llllll - t {
T LI — L] T ] — v T T _ T T T
g8 & & °
(SH3L3W) 2 (SY3L3ANW) 2
________Lﬂ..__ PN T OO TSV (N SR N S S
( I I SR T i of
A - . Fs \ IR Sl N
| 7 ; N
'Il\VlIIll«‘\\ 10 14~ -
e g 5
| & < /Id - . -
1 - e y--> -
\ | N 4
\Qs 8 e N §
a d - LN —
\_ ! . v i N »
- v - 48 AN
~—q i ] b ~
/ A
\ (5572 T
- - -

{SH3LIN) 2

X (METERS)

(SY3LIW) 2

X (METERS)

X (METERS)

Figure 5. - Maps of the high-amplitude hot-over-cold thermal experiment at 40

second intervals.



300
REFERENCES

1. A, Blair, N. Metropolis, J. Von Neuman, A. H. Tabu, and M. Tsingou, "A
Study of a Numerical Solution to a Two Dimensional Hydrodynamicel Problem,"
Mathematical Tables and Other Aids to Computation, vol. 13, 1959, p.145.

o, J. 5. Malkus and G. Witt, "The Evolution of a Convective Element: a Numeri-
cal Calculation,” pp. 425-439 of The Atmosphere and the Sea in Motion,
(the Rossby Memorial Volume), Rockefeller Institute Press, New York, 1959,
509 pp.

3, A. Kasahara, "A Numerical Experiment on the Development of a Tropical
Cyclone," Department of Meteorology, University of Chicago, Technical
Report No. 12 on Contract Cwb 9718, 1960, 85 pp.

4, Y. Sasaki, "Effects of Condensation, Evaporation, and Rainfall on the Devel-
opment of Mesoscale Disturbances: a Numerical Experiment," Department of
Meteorology and Oceanography, The A and M College of Texas, Technical
Report No. 5, Project 208, Contract No. NSF-GT417, 1960.

5. M., A, Estogue, "A Theoretical Investigation of the Sea Breeze ," Quarterly
Journal of the Royal Meteorological Society, vol. 87, No. 372, Apr.1961,
Pp. 156-1L6.

6. A. B. KazanskiY and A. S. Monin, "Turbulence in the Inversion Layer Near
the Surface," [Turbulentnost' v prizemnykh inversifakh] Izvestifa,
Akademifa Nauk SSSR, Ser. Geofizicheskaia, pp. 79-86.

7. T. H, Ellison, "Turbulent Transport of Heat and Momentum from an Infinite
Rough Plane,” Journal of Fluid Mechaniecs, vol. .2, No. 5, July 1957,
pp. 456-466.

8. D. K. Lilly, "A Proposed Staggered-Grid System for Numerical Integration
of Dyna.tgic Equations," Monthly Weather Review, vol. 89, No. 3, Mar. 1961,
pp. 59-65.

9. J. Smagorinsky, "On the Numerical Integration of the Primitive Equations
of Motion for Baroclinic Flow in a Closed Region," Monthly Weather Review,
vol. 86, No. 12, Dec. 1958, pp. 457-466.

10. N. A. Phillips, "An Example of Non-Linear Computational Instability,"” pp.
501-504 of The Atmosphere and the Sea in Motion (The Rossby Memorial Vol-
ume), Rockefeller Institute Press, New York, 1959, 509 pp.




301

A MECHANISM FOR DEVELOPMENT OF TROPICAL CYCLONES

(A Condensed Version *)

Akira Kasshara
The University of Chicagb

SUMMARY

There is no doubt that the primary source of energy of tropical cyclones
is the latent heat of condensation released during the ascent of moist air¢in
the storms. It is not clear, however, how the liberated latent heat becomes”
available for the development of warm-core vortical circulation in the storms.
In order to throw light on this question, we have conducted a series of numer-
ical experiments on development of tropical cyclones based upon & time inte-
gration of the basic equations which are the conservation equations of mQmen-
tum, mass, water vapor, and heat in the hydrostatic system (Kasahara,[3,4]).

A comparison between two computations from the same initial conditions
but with and without the supply of latent heat revealed an important effect of
this energy source upon development of the warm-core circulation in a tropical
atmosphere. However, the growth of cumulus-scale convections in the system
became so intense that they eventually obscured the development of the large-
scale motions.

Since the initial condition contains all scales of motion, the final form
of circulation pattern must be dominated by the scale of motion which has the
highest growth rate. It is pointed out that the horizontal scale of perturba-
tion motion with the highest growth rate of a gravitational instability is in
the order of 10 km. for ordinary magnitudes of eddy-exchange coefficients for
momentum and heat in the atmosphere (Kasshara, [4] and Kuo,[6]). One may ask
then: how does a large-scale convective system such as a hurricane form in the
atmosphere with the released latent heat as the main energy source?

In order to obtain 1nsight into this seemingly difficult question, stabil-
ity properties of symmetric disturbances in a conditionally unstable atmos-
phere subject to destabilizing effects of horizontal temperature gradient and
the released latent heat of water vapor are examined. A horizontal eddy dif-
fusion process of Fickian type is postulated for dissipation of momentum and
sensible heat. A similar study has been made by Kuo [5] in connection with a
general-circulation experiment using a dishpan (e.g., Fultz et al., [2]).
Earlier, Eliassen [1] developed an elegant theory of slow, thermally or fric-
tionally controlled meridional circulation in an axially-symmetric vortex. In
this paper, however, we shall investigate the growth rate of unstable pertur-
bation motions and explore the physical processes involved in the growth.

*
The complete paper will be published elsevhere.
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The relevant basic equations (tangential and radial components of momen-
tum, hydrostatic, mass continuity, and thermodynamic energy equations) ex-
pressed in cylindrical coordinstes are linearized and the curvature terms,
with the radial coordinate r undifferentiated in the denominator, are then
omitted. The motions are regarded as perturbations Superimposed on the steady
tangential motion u which is a function of r and pressure P as the vertical
coordinate. The vertical gradient of u is related to the radial gradient of

« , specific volume, by the thermal wind relation,

S (1)

where f denotes the Coriolis parameter

By elimination of variables, the five perturbation equations are reduced
to the following equation involving only a stream function ‘P,

d B & oY
5-5[{o‘C2+f(f+§‘—;)}%+a? %;]
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with ) veing kinematic eddy viscosity and diffusivity; and t time;
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(3)
fé}r static stability.

It is assumed that the atmosphere is saturated and the motion is moist
adigbatic.  Thus, the non-adiabatic heating term Q may be expressed by - [l o
where w denotes the material derivative of pressure and is a proportional-
ity factor. '

Equation (2) is solved with the boundary conditions that w vanishes at
the top and the bottom boundaries. The effects of lateral boundaries are .ignor-
ed in the problem by assuming that the motion is harmonic in r. Thus s We may

put fxexp ( nt + 1 g r ) in which n is growth rate, and m and a are respective~

ly the radial modal number and a representative horizontal length of 'the '
system. :
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After some manipulations, we find the solution for the exponential growth
rate N (= n £~1) in the following nondimensional form

N=-An 2 Z-E(%;)z-zaf/;;'(ég;)“ao@?(‘;-n)a, o
where i
A=2(2° )1
s= (L-0)a®(a)?,

= 3 2 -1
ROT—Ed(f a ),

= ou
z=1+33f o (5)

Here, d denotes the height of the system in terms of the difference in the
pressures at the top and bottom. The quantity S indicates the vertical’ modal-
ity of the perturbation motion. For a given m, instability first sets in for
the lowest mode S = 1. The motion is said to be unstable if one of the N's is
positive and the corresponding motion grows exponentially with time. The four
non-dimensional quantities defined in (5) are important parameters for the
stability properties of geophysical fluids. The quantity A represents the
ratio between frictional force and Coriolis force; Sp a measure of the ratio
between buoyant instability due to the relased latent heat and rotational
stability; R, is called a thermal Rossby number which expresses a combined

OoT
effect of rotation and differential heating; and Z is the ratio between the
absolute vorticity of the field and the Coriolis parameter. ‘

The growth rate expressed by (4) is a function of the radial modal number

m and the parameters A4, Z, Sp and ROT' We shall first examine separately
the contribution of each parameter to the growth (or decay) rate.

(a) TIf one considers only A, equation (&) reduces to

N =-A m?.

The corresponding disturbances ultimately decrease exponentlally with time
owing to the damping effect of Stokes-Reynolds type.

(b) If one considers only Z, equation (4) reduces to

For Z > 0, disturbances manifest an inertial oscillation of V. Bjerknes type.
For Z< 0, we have the case of well-known dynamic instability.
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(e) If one comsiders only SP, equation (%) reduces to

For Sp‘:» 0, it is the case of buoyant instability. The energy source of the

instability in the present problem is the latent heat of condensation released
during the ascent of moist air. If the effect of the latent heat is ighored

(ﬂ4 =0 in Sp ), the motion becomes periodic with respect to time and is called
a Brunt-V8isHl4 oscillation.

(d) If one considers only Ryp + €quation (%) reduces to

The motion is said to be unstable so long as ROT

that the growth rate is proportional to \/ m differing from those of dynamic
instability (which is independent of m) and of buoyant instability (which is

proportional to m). Margules [7], in his famous paper concerning the energy

of storms, suggested the mechanism for this type of instability, namely, that
horizontal temperature contrast sets up a meridional circulation to transport
heat from warm source to cold source. '

is different from zero. Note

Now we shall investigate more general cases including the effects of dif-
fusion and field rotation in the last ftwo types of instability.

Gravitational instability

If one neglects only the horizontal temperature gradient in the steady
state, equation (%) reduces to

- 2i|/ m_y2_

Fo‘r"sP (g;)e - Z > 0, there are two real N's and motions are damped, neutral,

or amplified according as N éé 0. We shall refer tc this type of instabiiity
as gravitational instability.

Margulean instability

When the lapse rate of temperature in the steady state is moist adisbatiec,
Sp’vanishes. In this case, equation (4) reduces to .

N=-Anm = l/IROT} (%‘?)-z.
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For ),ROT‘ -(g-;) - 2> 0, motions are amplified if N =" 0. We shall refer to
this type of instability as Margulean instability.

Details of the last two instabilities are discussed in this paper from
the standpoint of the kinematic and thermal structures of the unstable motions
and the energy transformations. The results are applied to infer the mechan-
ism of development of tropical cyclones. v -

If gravitational instability alone is postulated as the driving mechanism
for development of tropical cyclones, it seems to produce only cumulus-scale
motions in the Tropics, unless a large value is assumed for the eddy—?iscosity.
It is found also that the growth rate of unstable motions is too large to ac-
count for storm intensification. However, this type of instability is very
effective in forming a warm-core circulation by producing in the updraft areas
a cyclonic convergent flow in the lower levels and anticyclonic divergent flow
in the upper levels. \ .

On the other hand, the horizontal scale of motion produced by Margulean
instability is on the order of a hundred kilometers (assqming the same dis-
sipation mechanism as in the case of gravitational instability). The growth
rate is also reasonable, for it takes a few hours for the amylitude of unstable
motions to be increased by a factor of e ( = 2.7). These are some of the at-
tractive reasons why Margulean instability seems to provide an importent driv-
ing mechanism for development of tropical cyclones. The main source of energy
for the unstable motions is the "available" potential energy which may be
stored in organized cloud area$ in the storms. A large fraction of the con-
verted energy goes to production of the tangential component of kinetic energy,
contrary to the case of gravitational instability which convert8 the released

latent heat mainly into the radial component of kinetic energy in the system.

The effect of dissipation for momentum and heat is to inhibit instability,
and the horizontal scale of unstable motions depends strongly upon the mégni-
tudes of lateral eddy-exchange coefficients. The field rotation expressed by
the sbsolute vorticity Z has either an inhibitory effect or plays a coopera-
tive role toward instebility, depending upon whether this number is positive
or negative. The cooperative role of a negative absolute vorticity, known as
dynamic instability, has attracted many meteorologists as a possible explana-
tion for the development of large-scale atmospheric disturbances. Sawyer [8]
applied this reasoning to the intensification of tropical cyclones in order to
explain the removal of air from the storm center. Perhaps one of the theoret-
ical interests in the concept of dynamic instability is in the fact that the
growth rate of the unstable motion is independent of the scale of motion.
However,energy considerstions reveal that the source of kinetic energy in this
case is the kinetic energy of the basic flow. Therefore one must consider
another mechanism for maintaining the required horizontal, wind shear of the
basic flow in order to apply the reasoning of dynamic instability alone as a
continuous driving mechanism for development of tropical cyclones.

These speculations concerning the mechanism of storm development must be
checked by means of numerical experiments based upon the relevant nonlinear

equations and synoptic studies based upon abundant observations in tropical
cyclones. The effects of sensible heat transfer from the sea surface as an
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energy source and radiational cooling as an energy sink upon the storm develop-
ment are not discussed in this paper, but will be considered in a forthcoming
numerical experiment.

The details of this work, together with the illustrations » will be pub-
1lshed elsewhere.
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AN EXPERIMENTAL ANALOGY TO AND PROPOSED
* EXPLANATION OF HURRICANE SPIRAL BANDS *

Alan. J. Faller -
Woods Hole Oceanographic Institution, Woods Hole, Mass.

INTRODUCTION

The origin of the spiral band structure observed in many hurricane cloud
and precipitation patterns has eluded explanation although several hypotheses
(usually of a vague and general nature) have been proposed. The thesis of
this paper is that the spiral structure is a product of instability in the
boundary layer of the hurricane; i.e., in the layer of surface inflow. The
‘essential elements of the argument serving as an outline of this paper con-
sist of:

(1) Established fact: A series of laboratory experiments which demon-
strate the instability of a laminar Ekman boundary layer, the initial instabil-
ity taking the form of spiral convective bands (fig. l) whose spacing is pro-
portional to the depth of the boundary layer; also, other experimental studies
concerned with boundary layer instability.

(2) Analogy: Comparison of the form of the basic laboratory experiments
with that of hurricanes; comparison of the characteristics of the instability
with the banded structure of hurricanes, e. g., angles, spacings, etc.; and
analogy between the laminar flow of experimental models and the turbulent
structure of the atmospheric boundary layer. -

(3) Conjecture: Discussion and rationalization of the differences be-
tween the_experimental results and the hurricane phenomena.

THE LABORATORY EXPERIMENTS

Figure 2 contains a schematic diagram and an oblique photograph of the
L-meter diameter rotating tank at the Woods Hole Oceanographic Institution.
As the tank rotates water is withdrawn from the center by a pump, is injected
into a channel at the rim, and flows into the boundary layer at the bottom of
the tank through a narrow slot beneath the rim. The pumping establishes a
pressure difference between the center and the rim, and the steady-state flow
which is established consists of a circular flow which satisfies the gradient
wind balence and which is independent of depth except for the viscous boundary
layer at the bottom where the radial transport of water toward the center oc-
curs. The simple theory of this flow prediects that far from the side bound-
aries the relative circulation C = 2xrv should be constant independent of

*
This work was supported by a comtract with the Geophysics Research Directorate,

AFCRC, ARDC and is Contribution No. 1210 from the Woods Hole Oceanographic
Institution.




308

Figure 1. - Examples of the spiral band structure at
the instability of the Ekman boundary layer

radius and that the boundary layer flow should be that described by the Ekman
spiral (Ekman [1]). These predictions are well confirmed by observations.

In particular it should be noted that the zonal speed of flow, v, varies
inversely as the radius, r, as do the speeds of flow in the boundary layer.
Therefore it might be expected that at some radius epproaching the center the
flow should become sufficiently strong that the boundary layer flow should be
unstable. This is found to be the case and the nature of the instability is
illustrated in figure 1 where four cases of the form of the boundary layer
instability are exhibited.

Streaks of dye from crystals of potassium permanganate introduced at the
bottom near the rim show the pattern of circulation at the bottom of the
boundary layer. The streaks are at first directed toward the center with the
angle of 4%° at the bottom of the Ekman boundary layer, and as they flow in-
ward the plumes of dye merge into a sheet. At a particular radius (and speed
of zonal flow) the dye is observed to form into a pattern of equiangular bands
which suggest regions of convergence and divergence and, therefore, roll vor-
tices. These vorticies are observed tg occur atvvery nearly a constant value
of a Reynolds number defined by Re = I Z;;;;T7§ where ) is the molecu-

lar coefficient of kinematic viscosity, £) is the angular rotation rate, and

D= ( %% )l/2 is the characteristic depth of the Ekman boundary layer. The
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average critical value of the Reynolds number for all experiments was Rec =
145. Mention should also be made of the transition from well-ordered roll
vortices to more irregular rolls and to fully developed turbulence. This be-
gan at the average transition Reynolds number Ret = 177.

A constant relation between the spacing of the bands,/[;, and the Ekman
depth, D, was found, namely: /Zc = 10.9D. The angles of the roll vortices
immediately after their formation were observed to be from 10° to 17° with
the average angle of 14.7°, and the bands were observed to move slowly nor-
mal to their axes and radially inward.

Other experimental evidence of instability of the same general character

has been presented by Gregory, Stuart, and Walker [2] for the flow of air
over a rotating disc where they found the critical Reynolds nunmber Rec = 436,

the transition Reynolds number Re, = 533, the average apgle of 14°, and the
spacing of waves ’ec = 21.5 D, twice that of the present study. A theoret-
jeal analysis by Stuart (same paper) successfully "predicted" the angle of
the observed stationary roll vortices, but the predicted spacing of the waves
was /eL =5.5 D, one-half the value observed in the Ekman boundary layer
study and one-fourth the value observed on the rotating disec.

 The instability considered by Stuart was a form of "inflectional in-

stability" associated with the fact that the boundary layer flow varied in
direction with height. The basis of the prediction of the angle of the
stationary vortices by Stuart was the selection of that direction for which
a plot of the normel component of flow versus height had an inflection point
which coincided with zero normal flow. For the boundary layer over a rotat-
ing disc this angle is 13-1/4° (compared to 14° as observed) and for the Ek-
man profile the angle for stationary vortices is 16°. However, the theory

does not preclude non-stationary vortices, and vortices formed at some other

angle should be advected with the normal component of flow derived from the
basic velocity profile. Thus for the Ekman profile rolls with angles greater
than 16° should be advected radially outward, and those with angles less than
16° should be advected radially inward, the latter case being the one which
was frequently observed in the present experimental study.

THE ANALOGY WITH HURRICANE SPIRAL BANDS

I first wish to point out the similarity of the experimental arrangement
with the structure of a hurricane. Although the emergy sources are somewhat
different we may consider each example as one in which fluid is withdrawn
from the center and in which the radially inward flow takes place in a bound-
ary layer, the total mass flux being essentially independent of radius up to’ -
the radius of strong convection. P

 Spiral bands in hurricames are observed to have an average crossing angle
of about-18° (Senn, Hiser, and Low [5]), and this angle is not far different
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from those observed in the experimental studies with the rotating disc and
with the Ekman boundary layer in the large rotating tank. This fact is the
first suggestion that similar mechanisms may be responsible. For the further
discussion it is convenient to assume that the vertical profile of radial in-
flow into & hurricane is that of -an Ekman spiral given by

v.== ve-z/Dsin z/D :
vg = v(1- e %P oo z/D)

although it is fully realized that such a simple condition does not exist in
the atmosphere. However this assumption enables one to speak of a constant

eddy coefficient of viscosity and allows one to make certain simple computa-
tions.

Now we consider the spacings of the bands for which a spacing of 10 miles
(16 ¥m.) is perhaps typical (Wexler, [8]). From the experimentally determined
relation cited above we then estimate the depth of the boundary layer to be
D = 1.5 km., and the corregpondéng eddy coefficient of viscosity is, for la-
titude 30°, J)e = .59 x 10° cm.“/sec. These estimates are in good agreement

with estimates of the conditions in the region of inflow in hurricanes. Fur-
thermore, if one makes the assumption that the eddy coefficient of viscosity
varies as the square of the tangential speed (tangential stress as the square
of the speed) and if one uses the data of Malkus and Riehl [9] for a moderate

model hurricane one obtains the Reynolds number Re = 750, so that upon the
basis of the simple Ekman model the critical Reynolds number is exceeded at
all radii.

The banded zomes of vertical motion, which in the model experiment con-
centrate the dye in regions of convergence, would in the atmosphere give rise
to the formation of condensation if the vertical motion ascended to a suffi-
ciently high level. After the initial condensation, the convection may pro-
ceed or not proceed depending on the lapse rate and humidity conditions above
the boundary layer, and the new source of energy, the latent heat of conden-
sation, may eventually dominate over the initial source of energy, the in-
stability. In particular the clouds may extend far above the boundary layer
and may be advected out of the bands. This has been observed to be generally
the case [7] and a similar feature was observed in the experiments when dye
is convected upward into the main body of the fluid by the turbulence.

An objection to the arguments presented up to this point may be that the
hurricane boundary layer flow is not that of an Ekman spiral. This is of
course true, but some sort of a variation of wind with height must exist in
the boundary layer as the wind varies from approximately 30° near the surface
(Hubert [3]), to approximately 20° at 1000 ft. (Hughes [4]) and thence to cir-
cular flow at some higher level. With a different form of the profile one may
well expect significantly different values of the critical Reynolds number for
it has been stated by Gregory, Stuart, and Walker [2] and confirmed in the
experiments, that higher critical Reynolds numbers are associated with less
strong 3-dimensional flows; i.e., smaller angles of inflow. Therefore to the
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extent that the surface inflow in a hurricane (30°) is less than for the
Ekman spiral (45°) and less than for the rotating disc (40°) one might expect
a higher critical Reynolds number in hurricanes than in the experiments.

From comparison with the experimental observations it would appear that
the hurricane bands are sometimes in the region of well-formed rolls and some-
times in the region of irregular bands approaching fully developed turbulence.
Therefore I wish to assume that Re = 750 as computed above corresponds to the
transition Reynolds number, and, since for both the Ekman case and the rotat-
ing disc we find the same ratio Ret/Rec = 1.22, the critical value for the

formation of rolls would be approximately Re, = 600.

The fact that hurricane bands are observed to move outward normal to
their axes (Senn and Hiser [6]) is an interesting difference for which two
possible explanations consistent with the thesis of this paper are suggested:
(1) that the average band angle is greater than that for the stationary roll
vortices and that they are advected outward by the normal component of flow;
(2) that the additional energy source from the release of latent heat may
couple with the original source of convective motion in the bands so that the
band shape is maintained but so that they tend to propagate outward.

Correlations of band crossing angle with other storm parameters [6] are
in general agreement with the experimental findings. In particular the ex-
periments show a-decrease of the band crossing angle with radius; and the find-
ing that the band crossing angle is dependent upon surface roughness is in a-
greement with the thesis that boundary layer instability is the source of the
spiral structure.

CONCLUSIONS

The data and arguments presented above form a consistent picture of the
mechanism for the formation of the hurricane spiral bands and one which is in
agreement with the available observational data. Little more can be said to
rconfirm or negate the theory until more detailed observations of the vertical
profile of the radial and tangential components of flow are available. Such
information is not only important for testing this theory but it is essential
for the understanding of the hurricane mechanism as a whole.

The direct implication of the theory is simply that the organization and
maintenance of the convection in a banded structure is due to the boundary
layer processes. Whether or not the magnitude of the convection would be
seriously altered in the absence of the mechanism discussed here is an import-
ant. question since it then relates the mechanism of instability to the entire
dynamics of the hurricane.
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SURFACE PROCESSES IN HURRICANE DONNA

(Extended Abstract)

Herbert Riehl
Colorado State University

In previous studies of hurricane mechanisms (Palmén and Riehl [1],
Malkus and Riehl [2], Riehl and Malkus [3]) interactions at the ocean bound-
ary always had to be inferred. Many uncertain aspects of the actual physics
of the interaction processes exist, such as surface drag and constraints re-
lating surface pressure and heat sources.

Hurricane Donna offered an unusual opportunity for examining the low-level
structure and mechanisms, sinece this storm passed in nearly steady state through
a dense network of surface and upper-air stations while approaching Florida.
Reports from these stations may be composited with respect to the moving center
and thus offer insight into certain aspects of the low-level hurricane struc-
ture which of necessity is not available through research aircraft missions.

SURFACE DATA

Compositing proved easy for surface pressure, including asymmetries around
the center. But the attempt to composite the windfield led to a very curious

result, a very rapid drop of wind speed outward along the line vrl'5 = const.

This is much stronger than the drop obtained from low-level aircraft data or
from records of well-exposed stations. A check was made by computing momentum

‘balance holding the surface wind constant through a layer of 100-mb. thickness.

The check failed as there was divergence of momentum flux through the bulk of
the hurricane's area with nothing left for transfer to the ocean. The conclu-
sion is that even the records of stations on small flat islands and along flat
coasts are not representative of oceanic surface conditions.

t

UPPER-AIR DATA

Next, the rawin observations were composited, at first in 1,000-ft. steps
to 4,000 ft. altitude. Then 2,000-ft. steps to 10,000 ft. and 5,000 -ft.steps
to 50,000 ft. were added, for the area up to the 6°-radius. The main inflow
layer was below 4,000 ft., with weak inflow from there to 25,000 ft. except in
the inner region where there was none. Outflow was concentrated near 45,000
ft. At 50,000 ft. a nearly symmetrical anticyclone, with small outflow only,
was pregent. Perhaps for the first time in an individual case, precipitation
computed from the inflow could be checked against that reported at rain gages.
Excellent correspondence was obtained with use of these quite independent data
sources.

At 1,000-ft. the mean tangential component follows the law vor0'6= con-

stant from the 3° radius inward; this closely corresponds to the Malkus-Riehl
model and earlier studies. Three sets of data - rawins, land-surface reports,
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and lighthouse reports - all show 60 kt. at about the I° radius, with very
steep slope of the land-surfacewinds outward from there as already mentioned.
This brings out the effect of increasing mechanical turbulence at high wind
speeds in reducing the vertical shear.

MOMENTUM BALANCE

Balance of absolute angular momentum was computed for the layer. 1000-100 e
mb. and outward to the 6° radius with two main questions to be answered:

(a) 1Is there a net stress at the level where the vertical profile of tan-
gential velocity has & maximum or becomes quite flat ? - the median of all
ascents gave this level as 4,000 ft.

(b) 1Is it necessary to make use of lateral small-scale mixing processes
in order to obtain momentum balance?

The result is that total momentum flux across the 6° radius is equal to
the momentum flux to the ocean as computed using the layer surface to 4,000 ft.
alone, hence that there is no net stress at 4,000 ft. ILateral mixing need not
be invoked provided that the computed surface drag coefficients are accepted
as realistic. These coefficients, reduced to the altitude and wind speeds of
the lighthouse stations (1618 m.), are about 1.5 x 10=3 up to tangential

speeds of about 50 kt., then rise inward to 5 x 10 3.
similar to all previous calculations, for instance, Riehl and Malkus 3], vho

then postulated lateral mixing on the hypothesis that 5 x 10"5 is too large in
view of detailed wind observations made over the sea by other investigators.
The low coefficient on the outside can be brought in agreement with previous
measurements if it is assumed that the ocean water moves with a fraction of
the air speed. This hypothesis is being investigated further.

This result is very

DRAG COEFFICIENT FROM LIGHTHOUSE DATA

Observations from five lighthouse stations off the Florida coast were
composited with respect to the center just like the upper-air data. It is
considered that by this means a first approximation to air trajectories near
the sea (16 m.) in hurricanes is furnished. Calculations were performed
using one such trajectory which ended at pressure of 962 mb., wind 115 kt.
Superposition of streamlines at 16 m. and 1,000 ft. showed no turning of wind
with height and also, as brought out earlier, very little shear of wind speed
at high speeds. Hence, following the method of Malkus and Riehl [2], the
kinetic energy equation may be integrated following the surface trajectory
over a layer 4,000 ft. thick. Since the stress is zero at the top of this
layer, as demonstrated above, the bottom stress and drag coefficient are de-
terminable. This calculation suStains the enhanced drag coefficients from the
general momentum balance, where it must be noted, however, that the computa-
tion only samples conditions ahead of the center. If valid in all quedrants,
small-scale lateral mixing may be omitted as an important hurricane mechanism.




316

SURFACE PROCESSES AT VERY HIGH SPEEDS

In the hurricane interior, air is known to move at constant temperature.
Hence, the pressure of an air particle is controlled by the direct oceanic
heast source. Malkus and Riehl [2] postulated uniform heat gain per given dis-
tance *raveled, from the concept of a uniform exchange coefficient following
a given mass. Thus, this mass must wind its way inward with ever decreasing
inflow angle in order that the observed low pressures can be established.

The Donna trajectory did not bear out this aspect of the model, though agree-
ment in general was good. The pressure drop increased per distance travel
with wind speed; thus, the turbulent heat flux also increased.

Drag coefficients can be computed along the high-velocity trajectory with
isothermal expansion with two assumptions:

(a) The coefficients of heat and momentum flux are equal;

(b) The height to which the surface heat flux penetrates is known. This
height is obtained by imposing the condition that at the wind speed at the
outer limit of the trajectory the draf coefficient is the same as that deter-
mined from momentum and kinetic energy calculations.

The value of the computation lies in the fact that it yields the drag
coefficient as a nearly continuous function along the trajectory, whereas from
the kinetic energy computation only bulk values over distances of not less
than 30 miles can be obtained in view of the difficulties inherent in deter-
mining the production of kinetic energy by pressure forces. This is not sat-
isfactory in the core where wind speed changes very rapidly over 30 miles.

The computed depth of the layer through which the heat flow from the sur-
face penetrates is 1,000 ft., a satisfactory value which agrees roughly with
the cloud bases. As is well known, the temperature lapse rate becomes more
stable at the cloud bases and the nature of turbulence, as experienced for in-
stance in aircraft, changes from the "washboard type" of the subcloud layer to
that typical of layers with convective clouds.

The drag coefficient rose by an order of magnitude from wind speed of 60
kt. to 115 kt., and a straight line is obtained in log-log representation of
drag coefficient vs. kinetic energy. This relation suggests a new examination
of the whole turbulence theory over sea at very high speeds, providing that
the results in this single case are validated through examination of observa-
tions in other hurricane situations.
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SCALE ANALYSIS OF THERMAL CONVECTION IN THE ATMOSPHERE AND
THE BOUSSINESQ APPROXIMATIONS FOR A COMPRESSIBLE FLUID *

Yoshimitsu Ogura and Normsn A, Phillips
Department of Meteorology, Massachusetts Institute of Technology

1. INTRODUCTION

In a recent paper on the behavior of convective pheriomena. in the atmos-
phere, Charney and Ogura [2] have used a certain simplified form of the hydro-
dynamic equations for a perfect gas. For convenience and for reasons to be
developed later, we will refer to this simplified set of equations as the |,
anelastic equations. They are identical with a set of equations derived by -
Batchelor [1] on what seems to be the simple assumption that the distributions
of pressure and of demnsity are always close to the distributions of pressure
and density in an adiabatically stratified atmosphere. Charney and Ogura, on
the other hand, used these equations because they were interested in the
"elimination" of sound waves from the hydrodynamic equations. (Sound waves
require that a very small time increment be used in a numerical finite-differ-
ence integration.) From this viewpoint, it is clear that an assumption about
the time scale must be made in deriving the anelastic equations. In this
paper we will present a more systematic scale analysis than was done by either
Batchelor or by Charney and Ogura, and show that both assumptions are in fact
necessary.

2. BASIC EQUATIONS AND ASSUMPTIONS

The equations of motion, the continuity equation, and the first law of
thermodynamics may be written most conveniently for our purpose in the follow-
ing way: '

%% = - ch V =, (2.1)
d
g—:=- cpgsg' g’ (2'2)
%E[lno+(1-)%)lnn]=i7"?+gyz-, (2.3)
R oo | (2.4)
P

- .
where v = horizontal velocity, Y7 = horizontal gradient operator, R = the gas
constant for a perfect gas,X=R/c_ = (c_-c_)/e . = is the non-dimensional
quantity P LA

* The details of this work will be published elsewhere.
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»n
n = P/P) ) ' (205)
where p is the pressure znd P is a standard value of the pressure. © is the

potential temperature, and is a function of the specific entropy S for dry
air:

e=Txt - exp (S/cp), (2.6)
where T is the absolute temperature.

The basic assumption we will make is that the potential temperature with-
in the region of interest is almost uniform. This can be expressed in the

followingw,ay:
+(A'@) o' =( 1+E06'),
(2.7)
e. LD
®

is a constant and represents some appropriate average value of 6. A
represents the difference between the maximum and minimum values of © in the

region. We assume that this is much smaller than @ , 80 that E is a small

non-dimensional number. The variable ' is non-dimensional and of order unity.

o
"

Assuming that the region of interest is limited by fixed level surfaces
at the bottom (z = 0) and top (z = d), we will use this depth as the length
unit to derive non-dimensional equations.

Since we are interested only in motions whose time scale is larger than
that of acoustic waves, we shall choose the reciprocal of the Brunt-Viisald
frequency N as the time scale:

88,8y __,dlne
‘. N -T( +dz)—g . (2.8)

Q

(2.9)

By using d and T to scale the space and time coordinates and the velo-
cities, and by scaling © according to (2.7), the non-dimensional forms of
(2.1) - (2.4) are

5/4 -—ggr (V') = - (1 +E0") V'a, ' (2.10)
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€4 s (w) = - (1+€0) & p (2.11)
L m@+Ee)+@-2)mxl= V¥ (2.12)
vy g Q' = [ -

Edt. () =€-(= —=) | (2.13)

CPTI ‘

A prime superscript indicates a non-dimensional variable. /5 is defined as

4 = 9- (2.14)
where H = @/ g. For typical values of . in the low atmosphere, H is
about 30 km The equations we derive will be valid only for the case / £1.

In deriving (2.13), cp A@/ 7 is used to scale the non-adiabatic heat-
ing, Q.

3. THE ANELASTIC EQUATIONS

The basic approximation we apply is that € is a small quantity, while
all other variables, parameters, and dif‘ferentlations are of order unity or
smaller. We expand all dependent variables ( v,w', 1, ' and Q') as a
power series in §:

e ='\7c') +£’Vi+..., etc. (3.1)
Substituting these expressions into (2.10)~(2.13) and equating terms of Zero

order in £, wve get

V'no =0, (3.2)

ano |

oz! = 'ﬂ) (3-3)
1 d D L, %
(i-l)(ag-'-'l'wogz-T)anto*‘v V 6—_ (3.’-!-)

Equations (3.2) and (3.3) show that the T obtained this way corresponds to
the LN field in a hydrostatic atmosphere with a uniform © equal to @

By assuming that the horizontally averaged value of the pressure at z=d4
is independent of time, we can elininate the time derivative of 1n n_ in the

left hand side of (3.4). Then the continuity equation takes the forn
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V' o, T+ 3or (o, w2 ) = 0. (5.5)

Next, we equate terms of lst order in E:

Bl ) (W) == V'n, (3.6)
a ; anl

ﬂ(ﬁ)o (wo) =-W+ﬂ9c'> (3.7
Ql

(F), (e)= 2, (3.8)
o

with
(grdo=mr ¥y Vow 5. (5.9)

These equations, together with the continuity equation (3.5), give four equa-
tions for the four unknowns '\76 s wo' ) Mo and Oc').

Equations (3.5) - (3.8) satisfy the following energy conservation
equation:

. ' P, 2' Q!
gt—,jpo[%(u(')2+V$2+WC'>2)-z'OC',]dV'=-j—9—n———9dV'. (3.10)

o

If dimensional variables are introduced into (3.10), the term -z'Oé is multi-

plied by g, showing that this term represents a form of potential energy. For
small perturbations, using the original equations (2.1)~ (2.4), it can be
shown that the total energy of the perturbations consists not only of kinetic
end potential ( "thermobaric") energy, but contains a term proportional to the
square of the pressure perturbation (Eckart [3]). This latter form of energy
is called"elastic" energy, and is missing from (3.10). For this reason it
seems appropriate to give the name anelastic equations to (3.5)~(3.8).

Several additional remarks may be of interest. First » by assuming wa.ire-
type solutions for the linearized version of (3.5)~(3.8), it is easy to dem-
onstrate that the anelastic equations do not contain frequencies larger than

.
.

Secondly, when ﬂ is also a small quantity, we can expand all dependent
variables in the anelastic equations as a power series in 4 s substitute them
into the anelastic equations, and equate terms of zero and 1st order in V4
respectively. The resulting form of the continuity equation (3.5) turns out
to be identical with that for an incompressible fluid, and the remaining equa-
tions become identical with the well known Boussinesq equations of motion.
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4, THE RELEASE OF LATENT HEAT

Defining a mixing ratio w *:
%" Py

ey ] (4.1)

w ¥ =

(QL : mass of liquid water per unit volune, pv : mass of water vepor.per unit.
volume,) we postulate the following law for w¥:

dw*
dt

The total specific entropy for nbist air may be expressed approximately

=0. (’4.2)

by

©

(4.3)

[}

- ' A
6-cp€00+(po)

HIIL"

where T is a suitable mean temperature and L is the latent heat. For a re-
versible process, @ is conserved

48 _o

it (b.b)
For unsaturated air, B = 0 and Wk = Py / Py’ (4+43) becomes

& —c E0' + I wx, (4.5)

unsat P o & '
For saturated air we have

P P

vy =8 £ ¥, (L.6)

po Do

where Pyg is the saturation value of LN

e (T)
Pys = ﬁ%’f—' ’ (4.7)

Rv is the gas constant for water vapor, while eq is the saturation vapor pres-
sure. Setting T equal to To + & ‘l‘l, we find

es(T ) ETl L
oe 2 (14 7= (o)1 (4.8)
v

Since the ratio L/ val‘- is large ( ~~ 20) for water vapor at atmospheric
temperature, the € term in the bracket in (%4.8) cannot be neglected. Intro-
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ducing the relation T 6~ To (9(‘) + X nl/ no) which can be obtained from (2.6),

1
(2.7), and (3.1), we have
P e (T) n
S _o0.622 29 [ 1+ L (g1 4+ x L)), (4.9)
Po % RT ©° o

This equation demonstrates that we cannotevaluatepws/po without a knowledge

of both Qé and nl/no. However, %y must be determined from the solution of an

elliptic equation, since wé and'$; must'always satisfy (3.5). This equation

is of the form 3

t ' . T
V'V(D“)*“a_.(p ];)=g(x'-: y', z'), (4.10)
o1l oz o 0z

where g(x',y',z') is a non-linear function of not only-gg, wé, and their de-

rivatives, but also of the vertical derivative of Oé. 96 is determined by @&,
but the relation between 6 and & depends on the saturation criterion (4.6).

‘Therefore, to evaluate Oé and Ty (and eventually to determine the occurrence

of saturation), a suitable numerical iteration process would seem to be

necessary.
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ON THE ROLE OF CONVECTION IN HURRICANES-

N. E. la Seur
Florida State University, Tallahassee, Florida

i

Since 1955, participation in research aircraft reconnaissance of hurri-
cepnes, and in the analysis of data thereby collected, have left one impression
vhich stands out above all others. This is the importance of convection in
these storms. Of course, the idea that convection is a significant character-
istic of hurricanes is neither new nor original. Historically, it can cer-
tainly be traced back as far as Espy more than a century ago, and in recent
years the utilization of radar has revealed increasing evidence of its signi-
ficance. Thus, it was not surprising to encounter convection in these storms,
rather it has been the degree of its importance - the dominance of its role -
vhich has been so impressive. This is especially true of the annular ring'of
convection which surrounds the eye; indeed, this characteristic is perhaps the
best criterion for distinguishing the relatively rare hurricane from the much
more numerous tropical disturbances.

Although I speak now only of my own concept of a hurricane prior to the
first-hand encounters provided by reconnaissance experience of the past five
Yyears, I believe it was shared by many others. This concept was that al-
though convection occurred in hurricanes, and in a highly organized fashion
such as spiral bands, its role in the storm was secondary to that of synoptic-
scale processes, and that probably it was primarily a manifestation of the
fact that the tropical air was convectively unstabile. Certainly one of the
major advances in our knowledge of hurricanes has been the establishment that
they have a synoptic life-cycle, and form only in pre-existing, recognizable
synoptic-scale disturbances. The experiences mentioned above, however, have
altered my own beliefs to the point of view that, beyond a certain stage, it
is convective - rather than synoptic - scale motions which play the primary
role in determining the structure and formation of hurricanes, and probably
play a significant role in their motion. The purpose of this discussion is to
present such evidence as I could gather in support of this idea.

First, let us consider some data which I believe illustrate rather ex-
plicitly the important role of couvection in determining hurricane structure.
The first four figures were prepared from a flight at 500 mb. into hurricane
Ione of 1955. It was this flight and the subsequent analysis of these data
which first prompted an upward revision in my own estimate of the importance
of convection in hurricanes. The essential points illustrated are:

(1) Despite the large size of Ione at 500 mb. (diameter 600 n, mi.) it
is only in an extremely small fraction of this area (about 60-100 miles in
diameter) that the various meteorological parameters assume values character-
istic of a hurricane.

(2) This inner 1 to 3 percent of the area is dominated by the annular
ring of convection which encloses the eye.

(3) Hydrostatically, the pressure field in the mid-troposphere must be
associated with relatively warm air in the upper troposphere, and the evidence
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ek
1

Figure 2. - Illustration of "strong"
radar echoes in Ione, Sept. 15, 1955.
(a) All such echoes observed within
about 100 n.mi. of center as plane
flew along track indicated. (b)
Actual PPI scope photograph of annu-
lar echo around eye. Range marks
are 20 n.mi., north is at top , and
plane is located at center dot with-
in eye heading as indicated by
straight line. Visual wall ecloud
with which radar echo is associated
rose almost vertically to an esti-
mated 50,000 ft.




326

‘uotgou 3Teos-oTqdoudls uwsyy

I3YU}BI SATJOIAUOD JO OTJSTIS30BIBYD 9L9 JO 98pa Iauul 38 ._T.omm 2 OT soyowvoadde L9T10Tqa0p °pasds ate
P33BOTPUT UT S38BAIOUT Aq uMoys s® 3JeIpdn Buolls JO UOTTSI OST® ST UYOTUM BIIB papeys Lq umogs pnoro
TTe4 JO UOTZaX 0} PSUTJUOD I8 SPUFA 3DI0J SUBOTIINY 990N °*CCET ¢ LT °3dag suoyl JO SI00 I3UUT UT °*qu

00G 9e ‘(3T®os I99uad ‘aaInd 30p-ysep) paads ITB PIYEOTPUT pPuUB ¢ (aTeos PuBy-9yYBLI ‘aAmd paysep) L3712

-T910A 3INTOSQER JO JuUsUOWOD TBOTIIdA {TBOS pPURU-31JST ‘2AInd PITOs) paads PUIA JO UOT}BTIBA - *H aanBTd

3N Wy MS A l+|

o 02 ol A.v ol (81 (8,3

*PROTO-TTBM SATIOSAUOD UITM PIYBTOOESE
SQUaTPRIZ aangeisdwo) pue QUITOY 3S°UOILS 990N
‘qz 2INITJ JO OUO3d JBPRI Aaway 09 puodsailoo swaTe
POPEUS  °*CGET ‘LT °3dsg SUOI 98B0 JSUUT U adnye
~1adwag pue JUSTSY *quU-00C JO UOTIBIIBA - °C dInITd

3N ™y MS
og (014 ol (0] 0] (014 (0]
J I I 1 ) I L}
Ob— — —0008!
—00l
oz — —002
—00¢
—00b
% O0— FE)
—00S
02+ — —009
—004
Ob+ — —008
—006
- —0006I




327

at this level suggests that it is convective rather than synoptic-scale
motions which are producing the warm air aloft.

Supplementary cormnents can be found in the figure captions.,

Obviously data from only one level are incomplete and inconclusive. The
first opportunity to enalyze nearly synoptic information from several levels
was provided by the successful three-level reconnaissance of hurricane Cleo
of 1958 by NHRP aircraft. A small portion of these analyses which is pertin-
ent to the present discussion is given in figures 5-8. The important addi-
tional points illustrated by these figures are:

(%) The pattern of temperature anomalies from mesn tropical conditions
suggests strongly that convection in the eye-wall is the dominant mechanism
in their production and distribution even on a synoptic scale; ‘

(5) That, in turn, these convectively produced temperature anomalies
account hydrostatically for the pressure field also on a synoptic scale.

Again supplementary remarks are included in the individual figure ceap-
tions and a more complete discussion will be available shortly in the NHRP
Preprint Series.

If we now grant that the convective eye wall cloud is an essential struc-
tural characteristic of & hurricane, it is then logical to conclude that
convective-scale processes, perhaps of a particular organized type, play a
significant role in its development and, therefore, in hurricane formation.
Furthermore, since strong convective bands are typically found 100-200 miles
distant from the center of the synoptic-scale disturbances in which hurricanes
form, we should expect that eye formation usually occurs some distance away
from the center of the synoptic-scale system. Conclusive evidence that these
hypotheses are valid is not easy to obtain. Some available sequences of ra-
dar observations strongly suggest that eye formation is associated with strong
convective bands, but they alone do not show the separation in distance from
the synoptic center. Figures 9-13 show data for the case which is the best
illustration of these hypotheses that I have been able to locate. Reconnais-
sance data, ship reports, and radar observations are shown without analysis
to avoid bias in their interpretation.

I believe it is reasonable to interpret these data from the formative
stages of Judith (1959) as follows:

(6) The center of the synoptic-scale disturbance remains distinct from
the location of the incipient (but never quite successful) eye formation which
occurs in association with bands of convection some 150 n. mi. away.

(7) It is of a size and structure which suggests strongly that convec-
tive scale processes play a significant causal role in its formation.

Additional comments are again included in the individuel figure captions.

Finally, I would like to show you some measurements obtained on a low-
level traverse through a strong convective band in hurricane Edith in 1955.
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Figure 13. - Portion of Skew T -
log diagram showing temperature
/// (solid curve) and dew point
(dashed curve) obtained by
dropsonde in or very near cir-
/ cular hole in radar echo re-
S 800 ported on second Navy flight
; (see fig. 10). Note large posi-
500 tive anomaly of temperature
/// from mean tropical conditions

//// o .
/ S8 - (dotted curve) which, in view
//// \\///

1000 of high dew points, were prob-
DROPSONDE 03Z  OCT. 18, 1959

700

ably produced by convective
ascent.

At this stage in her development Fdith did not have a true eye; but outside
a region some 100 n.mi. in diameter with cyclonic winds less than 30 kt. and
broken clouds below 10,000 £t., there occurred at least four convective band
segments in which winds exceeded hurricane force with heavy rain.

Data in figure 14 clearly show the large variations in horizontal wind
superimposed on the synoptic scale flow by the convective band. These are
accompanied by an increase of an order of magnitude in the divergence and ver-
tical motion plus, of course, increased rainfall intensity and turbulence. I
would like to conclude this portion of the discussion by stating my conviction
that such convective-scale processes are a necessary factor in the formation
and maintenance of the hurricane eye structure. I would add that this view is
not inconsistent with what is known about the converse phenomenon of dissipa-
tion. Factors which have been proposed as contributing to dissipation, such
as, invasion by cooler, drier air, elimination of oceanic heat source after
movement over land, and large vertical shear of the horizontal wind, are all
factors which inhibit convection. A further implication of this view is that
formation (or dissipation) may occur more rapidly than would be expected if
only synoptic influences were operative. Judith, Debra and Ethel of the past
two seasons, which all underwent very rapid changes of intensity, may be cited
as examples. The fact that these storms all occurred close to coastal areas
points to the value of radar surveillance to the warning service.

Although I have no observational evidence to present in support of the
contention, it is also logical to conclude that convection should play a sig-
nificant role in hurricane motion. Just as it has been a step forward to
view the motion of extratropical cyclones as the differential result of synop-
tic-scale factors which create the cyclone on one side and destroy it on
another, we should view hurricane motion in the same way rather than as an ob-
ject "carried" along by the surrounding flow. Since hurricane motion is es-
sentially the movement of the eye which has been shown to be a convective-
scale structure, it seems inevitable that convective processes should be
important. However, their role is likely to be more subtle and indirect inso-
far as motion is concerned, and to involve rather complex interactions with
their synoptic-scale environment. For example: the height reached by convec-
tive ascent in the eye wall before it spreads out and mixes with the environ-
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Figure 1k. - Variation of wind direction, wind speed, "D" value, pressure
altitude, and indicated air speed on N-S traverse under strong E-W
oriented band of convection in Edith Aug. 27, 1955. Note strong di-

fluence just N of band and strong confluence (50 x lO-5sec.-1) in band.
Vertical motion downward in difluent region and upward in confluence as
shown by variation in indicated air speed and pressure altitude, "D"

value curve suggests slight trough under band and slight ridge to north.

ment may vary considerably and, since upper tropospheric flow patterns in the
vicinity of hurricanes change rapidly with height, the resulting influence on
storm motion could be significantly different. I suspect that any direct in-
fluences of convection on hurricane motion are associated with the shorte
period oscillations about a smooth track which are sometimes observed.

In closing I would like to express the hope that more of you are now bet-
ter convinced that convection is not Just a passive manifestation of the con-
vective instability of the tropical air in hurricenes. Rather that, under
appropriate circumstances and with the proper degree of organization, it plays
an active and necessary role in hurricane structure, formation, and motion.
Belief in the latter point of view suggests several recommendations for future
research:

1. Further multi-level investigation of the eye and its wall-cloud to
determine more completely the role of convective processes in hurricane struc-
ture and motion. Two levels at which data are now meager, the inflow layer
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(say 1000 ft.) and the upper outflow (near the tropopause), deserve special
effort. Preferably data should include calibrated radar (both PPI and RHI)
photographs which can be interpreted in terms of liquid water content, and,
if feasible, direct measurement of vertical velocity and liquid and solid wa-
ter content.

2. Research reconnaissance of developing storms for both synoptic-scale
information and detailed data from convective bands embedded within the dis-
turbance.. Several such flights in cases where eye development occurs, and in
cases where it does not, may reveal those factors which organize convection
into bands and the degree and type of organization necessary before convective-
scale processes can play a role in eye formation.

3. Theoretical studies of the synoptic scale factors which may initiate
and organize convective scale motions into bands, and of the dynamics and
kinematics of such bands which may result in eye formation.
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ON THE BALANCE OF FORCES AND RADIAL
‘ACCELERATIONS IN HURRICANES

(A Condensed Version*)

William M. Gray
The University of Chicago .

When the National Hurricane Research Project of the U. S. Weather Bureau
began flying through hurricanes during the 1956-5T seasons, it was noticed by
_some of the meteorologists aboard, particularly by Prof. Herbert Riehl, that
the winds and pressure gradients along many of the radial leg penetrations
did not always vary in a similar fashion. At certain times the wind speed
would change apprecisbly yet the pressure gradients would remain nearly con-
stant and vice versa. Certain radial force imbalances must be occurring.’

The NHRP flights that were made during the 1957-58 seasons are especial-
ly well suited for an investigation of this feature to determine the amount
and character of these apparent imbalances which were occurring above the sur-
face friction layer.

Flights at 10 pressure levels on 8 separate days in 4 different storms
are available in which 6 or more radial legs into or out of the storm eyes
were flown, except for 1 level which has 5 radial legs (table 1). All these
levels were between 6,000 and 15,000 ft., at heights where it has usually
been supposed that gradient or near gradient wind flow should prevail. Figure
1 is typical of the kind of radial leg flown.

In this study cylindrical coordinates are used throughout, and the as-
sumption that the storms remained essentially in a steady state for the dur-
ation of the flights is made. The first step taken was to plot the "D" values
and the tangential wind components along the constant pressure radial legs
flown (fig. 2 and 3).

The radiel cylindrical equation of motion on a constant pressure surface
with respect to an instantaneously fixed coordinate system with origin corres-
ponding to the storm center is

v 2
av v
r _ oD 2
=85 + fv9 =t Fr (1)

where V. and v0 are the radial and tangential wind components

r is distance along the radial leg - positive outward

D stands for height deviations from the standard atmosphere
f is the Coriolis parameter

t is time

Fr is the radial component of friction.

*The full text of this paper is reproduced as Atmospheric Sciences Report,
No. 1, Colorado State University, Fort Collins, Colorado, Feb. 1961.
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Figure 1. - Typical radial leg path.
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Table 1.

b e e ]
Max. Wind Max. Wind Difference Speed of Columm b

S, ete  Right Quad. Ieft Quad. Right-Left Storn X Colwm 5
(knots) (knots) Quad.(kt.) Two (kt.) (kt.)
1. Daisy 25 Aug 65 35 30 b 2
830 mb.
2, Daisy 25 Aug 60 45 15 1 ~l
570 nb.
3. Daisy 2T Aug 120 8 35 16 w2
630 mb.
4, Daisy 28 Aug 105 55 50 36 ~1-1/2
620 mb. :
5. Cleo 18 Aug 90 50 L0 28 =1-1/2
820 wmb.
6. Cleo 18 Aug 85 5 ko 28 ~l-1/2
570 mb.
7. Carrie 15 Aug 85 50 35 ) ~1-1/2
965 mb.
8. Carrie 17 Aug 95 65 30 26 2~1-1/l
970 nb,
9. Helene 24 Sept 60 55 5 20 ~ 1/h
635 mb.
10. Helene 25 Sept 80 55 25 12 ~2
810 mb.
dv
If we define \'rr) = -E% - Fr , then the radial imbalance is given by
gr 2
. 3D Yo
Vr) ettt (2)

The three terms on the right were integrated alongthe radial legs over 10 n.mi.
intervals as

T2
oD
Sr g5y dr = gD, - D)

1
2
2 v —_— r
) _ .2 -2
Sz_ T dr=vy 1n ry
1
o
T — where the bar signifies
Sr £ Vg dr = £55 (ry - 1)) a radial mean.
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The resulting mean radial leg imbalances in finite difference form are
then given by

, r —
Vé.) =-g(D2-Dl) +.79?1n;-?-+fvg (re-rl) (3)
gr 1

Values of these radial accelerations with respect to the instantaneously
fixed center were computed along all of the radial legs. On nearly all the 61
radial legs there was a substantial lack of radial balance. In a few cases
the imbalances were even ‘larger than the combined centrifugal and Coriolis
forces. Figures 4 and 5 show typical values for the individual levels. Neg-
ative values of vr were much more prevalent than positive values. The

gr

winds were thus weaker than that required for gradient wind balance. Figure 6
illustrates this predominance of pressure gradient over centrifugal and
Coriolis forces.

From equation (1) it can be seen. that this imbalance may be accounted for
by the local and advective changes of the substantial derivative, dvr/dt s by

internal redial friction F_, or by a combination of the two. As all flights

were above the surface friction layer, it was originally thought that the sub-
stantial derivative would account for this radial imbalance. This was not the
case however. The local and advective changes of the substantial derivative
are given by

v, ov ov ov ov

r

o T r r
% o0 " ewetVry tYE

This term was computed and compared with the radial imbalances. It accounted
on the average for approximately half of the radial imbalance. The other half
of the imbalance must then be made up by internal radial friction (F ) due to

eddies. The frictional a.ccelgration is gotten by subtracting equa:bion (2)

from equation (1); i.e. r =% vr) .

Figure T shows a composite without respect to sign of all 10 levels of
the pressure gradient force, centrifugal and Coriolis forces,_wgr;) s and Fr

plotted against radius.

The above calculations have shown the radial accelerations with respect
to an instantaneously fixed coordinate center. It might be thought that a cal-
culation of the acceleration with respect to the moving storm center might
substantially reduce these imbalances. These calculations were made under the
assumption that the storms move at constant speed and direction (which they ’
all closely approximated). The imbalances can then be calculated by subtract-
ing the component of the storm motion from each wind and performing the same
calculations as with the imbalances with respect to the fixed storm center.

These accelerations are denoted ‘.’rr ) .
ar
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i Figure 8, - Same as figure 6
Figure 7. - Radial imbalance. ‘but for moving storm center.

The resulting radial imbalances with respect to the moving storm center -
differed noticeably but not significantly from those of the 3;) values as
' gr

follows - -

(1) The values with respect to the moving center were generally 60 to
80 percent of those with respect to the instantaneously fixed
center.

(2) The positions of many of the 7;;) centers were shifted from those
of the 3_) _centers. gr
T lgr

(3) There was greater predominance of negative vrr) than 3;) (fig.8).
gr gr

The conclusion seems unavoidable that large amounts of internal radial
friction are present in the hurricamne. It follows immediately from this that
the gradient wind equation in both cyclindrical and natural coordinates does
not closely approximate the balance of forces in hurricanes.,

An order of magnitude estimate of radial friction using the cylindrical
Navier-Stokes radial friction term

[ 32 Vr a ( Vr ) 62 Vr]
v +ts-( — ) +
are or r 7 822

and taking v (coefficient of eddy viscosity) to be 10h cm.2/ sec. does not
give the required frictional magnitudes. Calculations fall 2 to % orders of
magnitude below the value required for Fr by the above calculations.

One should probably look at the friction from the Reynolds stress point
of view where space means and deviations are used. In cyclindrieal coordin-
ates Fr then has four terms

Ty e oy ~
) vb vr v} vr W vg

T30 > Tdr ? Jz ' T
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where the wavy bar denotes an area average and the prime represents deviations
from the area mean. P~
o v! w!

In this form the term ST L would be the vertical gradient of the

horizontal integrated product of the radial and vertical wind eddies.

Evaluation of v; and vb' values and their tangential and horizontal

gradient was made on a number of mid-tropospheric levels here studied from
continuous recordings from pitot tubes which the University of Chicago Cloud
Physics Section had mounted on the aircraft during the 1957-58 seasons. These
pitots measure changes in atmospheric pressure as the aircraft travel along
the radial and tangential legs. These minute pressure changes are converted
into their equivalent eddy wind variations. From such information the Rey-
nolds stresses can be computed.

dv!vt 9 rv'2 véz
. . . 0 r r
From the preliminary computations =36 ITSE and.—;—

turn out to be quite small and cannot account for Fr' An order of magnitude

o v'w!
r ]
estimate of the P Y R term, using determined values of v from the pitot
tubes and assuming Malkus' and Riehl's calculations of vertical velocities in
hurricane Cb's, indicates that this term may have the required magnitude.

Vertical gradients of 7;777 were determined with a two-layer model; i.e.,
estimates were made for the mid-tropospheric levels and zero values were
assumed for the surface and the tropopause. This is a crude approximation,
but it encourages one to seek further experimental data. With improved sam-
pling and measuring techniques a reliable estimate of the importance of the

a vl wl
EET_E;—' term can be achieved. New instrumentation and special flight plan-

ning with NHRP aircraft are being contemplated for the 1961 and 1962 seasons
with this purpose in mind.
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CHANGES IN THE EYE PROPERTIES
DURING THE LIFE CYCLE OF TROPICAL HURRICANES

José A, Coldn
National Hurricane Research Project, Miami, Fla.

1. INTRODUCTION

Studies on the dynamics and thermodynamics of hurricanes have made it
increasingly clear that the air motions in the eye are of considerable im-
portance in the development and maintenance of the hurricane circulsation.
Significant contributions to this subject have been made recently by Riehl
[20], Palmén [17], Malkus [15], Miller {16], Riehl and Malkus [22], Kuo [11],
and by C. L. Jordan in a series of well-known papers {6, 7, 8, 9, 10]. The"
importance of the eye was emphasized by Riehl and Malkus [22], who showed, by
means of hydrostatic computations, that central pressures below about 960 mb.
require the type of temperature distribution that can only be produced by
subsidence in the interior of the eye. This of course, does not limit the
importance of subsidence to cases in which the central pressure is that low.

In view of the importance that has been ascribed to the eye, it was con-
sidered of interest to examine the time variations in the thermal and moisture
properties of the eye during the evolution of intense hurricanes and to try to

‘develop a clear understanding of the manner in which these variations are pro-

duced. Adequate observations, by dropsondes released within the eye by mili-
tary reconnaissance aircraft, and flight level data obtained by the NHRP re-

search planes, are available for hurricanes Daisy and Helene of 1958, both of
which attained central pressures below 950 mb. A total of 14 dropsondes were
made in the eye of hurricane Daisy and 24 in the eye of Helene; most of them

were released in the vicinity of the 700-mb. level. Some remarks on the gen-
eral accuracy of the data are included in a later section.

The changes in the eye properties during the intensification and dissi-
pation stages of these two hurricanes were studied in a coordinate system mov-
ing with the eye center. The results are presented below. A qualitative dis-
cussion is then presented of the mechanisms which produce the observed varia-
tions in the eye and their relation to the deepening and dissipation processes.
This discussion emphasizes the importance of the vertical circulations in the
eye core in the evolution of tropical storms.

2. CHANGES IN THE PROPERTIES OF THE DAISY EYE

The variations in intensity of hurricane Daisy are shown in figure 1,
where we notice that the central pressure dropped steadily from about 1002 mb.
at 2300 GMI' on August 2i to a minimum of 948 mb. late on August 27, then in-
creased to a value of about 985 mb. on August 29. In the following discussion
the period during which the central pressure was decreasing will be referred
to as the deepening or intensification stage; the interval when the pressure
was filling is called dissipation stage. Figure 2 contains the track of Daisy
superimposed on an analysis of the normal water temperatures as obtained from
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August 24-30, 1958, with normal
Figure 1. - Time changes in the central water-temperature distribution
pressure of hurricane Daisy. The for August.

x's indicate values estimated from
NHRP data; the dots show values ob-

tained from dropsonde soundings by ,
the military reconnaissance air- the Climatic Charts of the Ocean

craft. [26]. A cursory investigation of

the water temperatures in the period

August 23 to 25, 1958, showed values

varmer than normsal in the area to
the northeast of the Bahamas. For the purpose of this discussion it is assum-
ed that the distribution shown in figure 2 is representative of the one that
existed at the time of Daisy. It is .noticed that during the period of in-
tensification, hurricane Daisy was moving over warm waters in a track essen-
tially parallel to the 28°C. isotherm and the dissipation started close to
the point of recurvature when the center began to move rapidly northward
toward cooler water temperatures.

The changes in temperature and mixing ratio in the eye at prescribed
pressure levels during the period August 25 to 29, 1958, appear in figures
3 dnd 4k, The data for August 25 were obtained from an eye sounding (see fig.
5) approximated from NHRP observations at selected levels [3]. Our interest
here is mainly in the over-all trend of the variations during the deepening
and dissipation stages and not in the changes over smaller intervals of time
shown by some of the individual soundings. There was a warming of about 3°C.
at the surface and of 4° to 6°C. in the layers from 900 to 700 mb. @uring the
intensification stage, and a corresponding cooling during the dissipation
stage. There is some uncertainty in the values at the surface on August 25,
but the variations at the other levels are bettér substantiated. The varia-
tions at the 700-mb. level during the dissipation are more irregular than at
the lower levels. The moisture curve (fig, 4) shows a trend similar to that
of the temperature at all levels, but individual values fluctuate more. The
values of relative humidity (not illustrated), in the levels from the surface
to 800 mb. were quite high throughout the entire period from August 25 to 29
with no definite difference in trend between the deepening and dissipation
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Figure 4. - Time variations in mixing
Figure 3. - Time variations of tem- ratio in the eye of hurricane Daisy
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Daisy measured along specified levels,

pressure levels.

stages, but at the 700-mb. surface there was a tendency for lower relative
humidities in the period of maximum intensity.

A complete picture of the time changes at the levels sbove 700 mb. was
not available. An idea of the variations during the intensification stage in
the levels up to 250 mb. was obtained by use of NHRP data for August 25 and
August 27. Figure 5 shows a plot of selected eye soundings; the one for
August 25 was approximated from the NHRP observations. The one for August 27
is composed of & dropsonde for the levels below 500 mb. and NHRP data for the
levels above 600 mb. A comparison between NHRP and dropsonde observations is
possible at the 620-mb. level on August 27. The two values are within 1° C.
of each other; the difference between the time of observation was only about
2 hours. These two soundings show a net warming of 5°-6° C. at all levels
above TOO mb. One can see that if these soundings were continued upward with
the same trend in lapse rate, the level of zero temperature anomaly for
August 25 would be located near the 150-mb. surface, while on August 27 it
would be located just below 100 mb,

The variations in moisture between the 700-mb. and 500-mb. levels from
August 25 to August 27 (fig. 6) show a tendency for larger values in the more
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Figure 6. - Mixing ratio soundings ini
the eye of hurricane Daisy, August
25 to 29, 1958; data corresponds
to temperature soundings shown in
fig. 5. The circles show the ob-
servations by NHRP aircraft for
August 25; and the two x's are the

intense day up to the 560-mb. level. observations for August 27. The
Near 500 mb. the data are incomplete, numbers in parenthesis represent
but the difference in moisture con- the relative humidity at the indi-
tent between the two days appears to cated levels; no relative humidi-
be quite small. The agreement be- ties are shown for August 25.

tween the dropsonde and NHRP humid-

ity values is satisfactory also, al-

+though not as good as in the case of

temperatures. Comparison between NHRP and dropsonde data on Daisy was also
possible on August 27 and August 28; in all cases the magnitudes were quite
close to each other.

3. CHANGES IN THE EYE PROPERTIES OF HURRICANE HELENE

Figures 7 to 1l illustrate the same type of information for hurricane
Helene that was presented above for Daisy. There was a rather close parallel
between these two hurricanes in regard to the variations in central pressure
along the track of the center. The central pressure in Helene (fig. 7) de-
creased gradually from about 1012 mb. on September 22 to around 1000 mb. on
September 24, then more rapidly to a minimum central pressure of 935 mb. ob-
served around 0600 GMP on September 27. During the deepening period the cen-
ter was moving northwestward (fig. 8) in a direction parallel to the isotherms
and with mean monthly water temperatures of 27° to 28° C. The point of
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Figure 12, - Mixing ratio soundings in
the eye of hurricane Helene, Sept.
24 and 26, 1958; data corresponds
to the soundings shown in fig. 1l.
Observations made by NHRP aircraft

minimm pressure occurred at the point on Sept. 24 are shown by circles,
of recurvature. As the eye moved for Sept. 26 by x's. Numbers in-
northward toward colder waters the dicate relative humidities.

central pressure increased steadily

and, reached a value of 966 mb. on

September 29 at the time the center was near latitude 46°N. It is not intend-
ed to imply here that the field of water temperatures was the only factor in-
fluencing the changes in intensity, but as suggested by figures 2 and 8 and as
will be discussed later, it undoubtedly played a significant role.

The variations in temperature (fig. 9) show warming of about 6°C. at the
surface increasing to about 13°C. at 700 nmb. during the deepening stage, and
an even more pronounced cooling during the dissipation stage. The increase in
pressure from September 27 to September 29 was not large, which suggests that
the cooling at the high levels in the eye must not have been as pronounced as
in the low levels. The changes in moisture (fig. 10) are similar to those in
temperature; there was a very pronounced increase in mixing ratio during the
deepening and decrease during the dissipation. Again, as was the case in the
Daisy data, the changes at the 700-mb. level show a more diffuse and indistinct
pattern. The values of relative humidity (not illustrated) revealed a trend

BVSL
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for drier conditions around the period of maximum intensity at the T700-mb.
level, and generally large values with no definite change In trend at the
levels below.

The variations at upper levels are more incomplete than in the case of
hurricane Daisy. Two approximate soundings which combine dropsonde with NHRP
data are shown in figure 11, but the initial one for Septenber 24 extends only
to 600 mb. At the time of the sounding for September 24 the central pressure
was around 1000 mb, There was a dropsonde from the 700-mb. level made at 1423
GMI' and NHRP observations (indicated by heavy dots in fig. 11) at the 910-mb. ,
800-mb., and 725-mb. levels, taken close to 1700 GMI; and at the 620-mb, level,
taken close to 1900 GMI', The sounding for September 26 combines a dropsonde
(central pressure of 946 nb.) made at 1956 GMT, with NHRP observations at
TOO mb. taken near 2000 GMT, at 557 mb. taken near 2100 GMI', and at the 248~

mb. level, taken near 1800 GMI‘.l There were two dropsondes with central
pressure of 935 mb. made in the early hours of September 27, but it is felt
that the one illustrated in figure 11 was closer in time to the NHRP data and
is satisfactory for the purpose of this discussion.

On September 24 (fig. 11) the temperature near the surface was cooler
than normal; positive anomalies were observed above 900 mb. At the 620-mb,
level there was a positive anomaly of about 3°C. On September 26 the anom-:
alies were about 4°C. in the layer up to 850 mb., sbout 10°C. near 700 mb.,
and about 13°C. at the 250-mb. level. The warming between the two days was
from 3° to 5°C. in the layer up to 800 mb. and about 7°C. in the layer from
700 to 600 mb. If the sounding for September 26 were extended upward to meet
the normal curve the level of zero temperature anomaly would be located near
the 100-mb. level, about the same as in the case of Daisy on August 27. The
changes in moisture content at the levels above 700 mb. during the deepening
stage are illustrated in figure 12. The main interest in this figure is the
observations made by the NHRP aircraft near the T0O-mb. level and above. The
observations recorded at the T25-mb. and 620-mb. levels on September 24, and
the ones at T00-mb. and 557-mb. levels on September 26 reveal no significant
changes in the moisture content during the intensification. The moisture is
higher than normal, but all four points can be joined in a single curve that
reveal only the normal gradient with elevation. However, on account of the
increase in temperature, the relative humidity shows & significant decrease
with intensification, evident in figure 12 at all the levels above 800 mb.,

The agreement between the NHRP aircraft and the dropsonde data is remark-
able, both in temperature and in humidity. The only discrepancy noted was in
the humidity value at the 910-mb. level on September 24t. Other comparisons
between NHRP and dropsonde data, with equally satisfactory results, were made
also during September 25.

lThe NHRP observations are average values of all the readings taken by the

research aircraft within 2 miles of the geometric center of the radar eye.
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4y, SOME REMARKS ON THE ACCURACY OF THE OBSERVATIONS

There are two major factors that usually lead to serious uncertainties
in the representativeness of the temperatures as measured by dropsondes; one
is lag 1in the sensing probes, and the other is the possibility of the in-
strument dArifting outgide the eye as it falls. The Air Force and Navy re-
connaissance are usually careful in releasing the instruments in the center
of the eye; furthermore, the balloon takes about 10-12 minutes to descend from
the vicinity of the 700-mb. level to the surface and quite strong outflow
would be required to force the balloon into the wall cloud. Therefore, the
possibility of the instrument drifting outside the eye can be generally ruled
out. There is nothing much that can be said in regard to possible lag in the
probes, except that this effect, if real, should be fairly consistent from
one observation +to the next. The major argument that leads us to believe
that the observations are generally accurate is the remarkable agreement be-
twveen the measurements by the dropsondes and those by the NHRP aircraft in
the cases in which a ¢omparison was possible. However, these comparisons were
made at levels from 900 to 600 mb., and some question may be raised about the
measurements at the surface. There is one feature of the surface temperatures
that appears to be unreasonable and that is the coolness of the air in the
initial days of Helene. There is no question that these temperatures look
cold and that a possible lag in the instrument may be responsible for them.
A further check on this point can be made by comparing the data with ships
observations in the vicinity; this was done but the results were rather un-
satisfactory due to the lack of observations. However, for the purpose of
the present discussion in which we are essentially interested in the general
trend during the intensification and dissipation stages, the inaccuracies that
may exist in the surface temperatures are not serious. Finally, the major
feature that points to the representativeness and general accuracy of the ob-
servations is the fact that they follow a systematic and unmistakable trend
that agrees with what one would normally expect on the basis of the accepted
ideas.

5. DISCUSSION OF THE OBSERVATIONS
The main points illustrated in the diagrams can be sumarized as follows:
In the levels from the surface to 800 mb. there was an increase in tempera-
tures and in moisture content with little or no increase in relative humidity
during the deepening and a decrease in temperature and moisture content and
little change in relative humidity during the dissipation. At the T00-mb.
level and above there was a large increase in temperature, little or no in-
crease in moisture, and therefore a decrease in relative humidity during the
deepening, and inverse changes during the dissipation. The variations above
700 mb. are entirely consistent with the model of a subsiding current in the
eye, but’ the changes in moisture content near the surface are not.

The fact that the lower levels of the eye have a relatively high moisture
content was noticed in the early eye observations (Riehl [18], Jordan [6]).
Malkus [15] presented numerical calculations in which, with a steady state
model of a subsiding current that starts at the upper levels of the eye and
entrains air from the wall cloud as it descends,she was able to obtain real-
istic values of temperature and humidity all the way to the surface for a
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hurricane of central pressure of about 970 mb. It might be mentioned that
the temperatures and humidities of her numerical model sounding do not differ
materially from the properties of the Daisy and Helene eyes at the time they
had a central pressure equal to that of the model. However, if the properties
in the surface layer were determined wholly by the subsiding circulation, one
would expect little change in moisture content and a decrease in relative
hunidity with intensification, the same as in the layers above T0O mb. The
date presented above show a significant increase in both temperature .end hum-
idity in the layer up to 800 mb., which suggests a large influence of the un-
derlying surface in determining the air properties in the lower levels.

The magnitude of the temperature increase at the surface was larger than
expected and, perhaps, also larger than seems reasonable. This is due primar-
ily to the relatively low temperatures measured in the initial days. As men~
tioned previously, there is a possibility of inaccuracies in these observa-
tions because of a possible lag in the dropsonde temperature probe. However,
one could advance some arguments which indicate that this pronounced warming
may not be totally unrealistic. There is one particular observation, that
for the Helene eye on September 22, 2000 GMT (fig. 9), that looks too cold
and may perhaps be erroneous or unrepresentative. However, the readings of
21°.26°C, (76°-79°F.) observed in the eye of Helene from September 25-25 and
in the eye of Daisy from August oh-26 may be accurate. Initially, the per-
turbation must have been essentially cold-core, as are all minor synoptic
perturbations in the Tropics. In the early stages of development there is no
definite eye, but only a given volume of air that has been already subjected
to the cooling influence of the conditions in the pre-existing disturbance;
gradually this volume becomes orgenized into an eye as the hurricane circula-
tion develops and the air is then subjected to the warming effect of the un-
derlying surface and of the descending motion of the growing eye circulation.
A check of observations of ship reports in the vicinity of the observation
points of the dropsonde data revealed occasional readings of temperatures
between 75° and 73° C., but usually the ship data are uncertain or inadequate
+o corroborate the dropsonde data presented above.

The amount of warming observed in the layers around 700 mb. in proportion
to that observed at the upper levels was also larger than expected. As a re-
sult the remark that has been made to the effect that the wvarming during in-
tensification is concentrated in the upper troposphere was not true in the
cases presented here. Hydrostatic computations were made with the soundings
for hurricane Daisy on August 25 and August 27 and for hurricane Helene on
September 24 and Septenber 6 to determine the distribution of the deepening
with elevation. A relatively large contribution due to density changes in
the lower half of the troposphere was obtained. By expressing the deepening
as millibar-drop along fixed-height levels, it was found that the 50-mb. drop
in the surface pressure in the eye of Daisy between August 25 and 27 was re-
duced by 50 percent at the 4,5 km. level. The same result was obtained for
the 55-mb. drop in central pressure in the eye of Helene between September 2k
and 26. However, if the deepening is expressed as height depression of iso-
baric levels, then the height depression of the 500-mb. level in the eye of
Daisy from August 25 to 27, for example, is about 75 percent of that observed
near the surface. This difference is due to the larger conversion factor from
millibar to height-depression at the upper levels because of the lower den-
sities. The distribution in terms of the pressure units is more directly



350

related to mass changes in the vertical
column and one must conclude that mass
/ changes in the lower levels of the eye
made a significant contribution to the
surface-pressure fall. In fact, it can
be reasoned that extreme reduction in
the central pressure would not take
place unless the heating extended to
the denser air in the lower troposphere
(Haurwitz [5] pp. 26-29).
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Figure 13. - Schematic representation changes in the eye are probably brought
of the mean vertical circulations about is offered in the next section.
in the eye core of a hurricane.

6. ENERGY CHANGES IN THE EYE ARD THE DEEPENING OF TROPICAL STORMS

‘One of the main purposes of this study, at the outset, was to carry out a
quantitative analysis, to the extent possible, of the energy transformations
in the eye and of the air motions in the boundary necessary to produce them.
This phase of the work has not been completed, but it is possible to discuss
qualitatively the factors that should operate during the deepening and dissi-
pation stages in order to produce the observed variations.

The time variations in eye properties in Daisy and Helene can be trans-
formed to energy units and they bring out the fact that the heat content of
the eye increased during the deepening and decreased during the dissipation
stage. We can think in terms of a heat balance for the eye volume and see how
local time changes in the energy content can be brought about. Consider a
simplified schematic diagram of the mean circulations in the hurricane core,
as shown in figure 13.

Local energy changes in the eye come about as the net result of the
sources and sinks inside the volume and the flux through the boundaries. The
usual sources and sinks inside include the radiation, which is a cooling fac-
tor, and the precipitation heating, which should be nil. Therefore, increase
in heat content must come through the air motions at the boundaries and other
cooling effects in the eye must be overcome before a reduction in the surface
pressure is produced. The motion through the eye boundaries must undoubtedly
be very complex and encompass different scales of motion. For example, we may
consider fluxes by small-scale diffusion and by larger-scale motions in which
an air current may enter in one section of the eye and go out in another, as
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envisioned by Riehl [21]. Also, some evidence has been presented by Simpson

[23] and LaSeur [13] which suggest that the subsidence may be concentrated in
a ring around the outer edge of the eye. For the purpose of the present dis-
cussion we refer to the net residual motions as sketched in figure 15.

A study of the thermodynamic effects of the air motions in the boundaries
immediately leads to the conclusion that heating in the eye can come only
through the top and bottom boundaries; i.e., by vertical motions. Horizontal
mixing through the eye wall, regardless of the scale of motion, should lead to
cooling in the eye and is to be comsidered as a dissipating factor. Two
things can be mentioned in this regard; one, that the air coming from the wall
cloud is colder; and second, that the cloud matter evaporates in the eye and
introduces a cooling effect (Malkus [15]).

The importance of the underlying surface is paramount. It affects the
properties of the eye in two ways: one, directly, by contact through the lover
boundary; and second, indirectly, by its effect on the properties of the in- ,
flow current in the rain area, which in turn affects the properties of the
ascending convective current in the wall cloud, and this in turn affects the
eye by the horizontel mixing process in the eye-wall and by its effect on the
initial conditions of the descending current. In the light of this the var-
jations in central pressure in hurricanes Daisy and Helene with respect to the
mean field of water temperatures, as suggested by figures 2 and 8, become
quite meaningful.

The other important factor is the properties.of the current descending
through the upper boundary. If we consider an eye volume extending from the
surface to some upper boundary not reaching the top of the eye (for example,
the layer from the surface to 500 mb.), then the air coming in at the upper
boundary is a mixture of air that has entered at the top of the eye and air
that has mixed in from the wall cloud. Clearly, the higher the temperature at
which the initial current starts at the top and the less the mixing that takes
place with the wall cloud the greater the increase in heating at the volume
below and the larger the reduction in surface pressure., With respect to the
entire eye-volume from the surface to the top of the eye (assuming that such
a top can be defined), one can raise the question as to where the initial cur-
rent comes from. Circulation diagrams presented by Riehl [19], Simpson [23],
and Kuo [11], have all suggested that it is composed essentially of normal
tropical air. Malkus [15] also used normel tropical air as the starting point
for her numerical computation. However, it can be easily visualized that a
significant portion of this current may be air that had originally ascended in
the wall-cloud and that & circulation as suggested in figure 13 is realistic.
A vertical cross-section of the wall-cloud in hurricene Daisy, as seen by ra-
dar on August 27, 1958 (Jordan et al. [9]) suggests a more vertical orienta-
tion of the convective ascent in the wall cloud than has been considered in
the past. Therefore, a spilling-over of the air ascending in the wall cloud
into the descending flow in the eye, in the manner suggested in figure 15, may
take place. Convincing evidence of the existence of this type of motion can
be observed in the photographs from the top of a typhoon presented by Bund-
gaard [2] and Fletcher et al. [h4].

From the point of view of the thermodynamics in the cycle discussed above,
one can see that energy changes inside the eye depend very much on the strength
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and thermal properties of the convective updraft in the wall-cloud. The rela-
tionship between this ascending current and the intensification process is
quite interesting; through the vertical motions it assists in the deepening
process, through the horizontal motions in the eye-wall it introduces a dissi-
pating factor. However, the most important relationship probably comes from
dynamic considerations, since it is quite evident that organized descent in
the eye would not exist unless there was first a well-developed and organized
ascent in the wall-cloud. Why and under what conditions this organization
takes place continues to be one of the most difficult problems in hurricane
research (Kuo [12], Alaka [1]).

One important point to realize is that only air motions in the boundary
can affect the energy transformations in the eye, and, therefore, lead to
changes in the central pressure. Everything else in the rain area has at most
an indirect effect, as can be deduced from the thermodynamic processes dis-
cussed above. Any cooling or dissipating agency, as well as a deepening one,
would have to enter the eye core in order to be effective. This was very
clearly demonstrated by Snellman [24].

On the basis of the above discussion, we can summarize the conditions or
factors that lead to a reduction in the central pressure.

1. An adequate heat source in the underlying water surface,

2. Development and organization of the ascent in the eye-wall in such a
way that the subsiding current in the eye is also organized and con-
centrated in a small area. Once this is accomplished, then there
should be

3. A minimal amount of cloud matter entering the eye, and

k. No transport of cooler air from the outside into the eye core.

5. As a fifth factor one can mention what may be referred to as vertical-
ity of the thermal core in the eye. That is, the vertical distri-
bution of flow should be such that the net heating in the eye is
distributed as much as possible in a vertical column, so that it is
more effective in causing a surface pressure fall.

For f£illing of the central pressure, i.e., dissipation, the above argu-
ments should be reversed.

The first two conditions above are most important and one can argue that
no real warm-core type of intensification can occur unless both are present.
An adequate heat source from the ocean is present in most of the oceanic areas
south of latitude 30° to 35° N., therefore, the organization of the eye-core
circulation is undoubtedly the most important and most difficult to realize.
From the practical and operational point of view one might be able to detect
the onset of the organization of the eye-core circulation by means of radar.
One example of this was offered by LaSeur [14] for the case of hurricane
Judith of 1959. It appears also that a certain amount of reduction in the
central pressure can take place in spite of the presence of wnfavorable condi-
tions.,

An evaluation of the intensification and weakening of hurricanes Daisy
and Helene in the light of the factors listed above revealed the following.
In the cdse of hurricane Daisy the eye-core circulation was organized quite
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early in the development stage [3] and intensification proceeded apparently
as long as the heat from the ocean was maintained. In the case of Helene the
development up to September 24 was quite slow. A weak circulation with surface
winds up to 35 and 40 m.p.h. in squalls existed from September 21 [25]. The
disturbance was moving over warm waters; but evidently something was lacking
and it is believed that it was the development of the eye-core circulation.
Hurricane Helene was investigated by NHRP aircraft on September 2k and by that
time a definite eye formation was evident in the radar scope. Afterwvard,
deepening proceeded rapidly until the center started to recurve and move into
cooler waters. No evaluation has been made of the synoptic factors that af-
fected Helene and Daisy in the period during and after recurvature, but the
hurricanes were then located in a geographicel region in which the fourth
factor listed above, namely, cool air from the outside entering the eye-core,
also may have been present. In regard to the verticality of the thermal core,
there is some evidence to indicate that in the case of hurricane Daisy during
the early part of the dissipation stage on August 28, the warmest air at mid-
dle levels in the eye was not located vertically over the surface pressure
center, but apparently had a significant tilt [3].
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ON THE VERTICAL VELOCITY FIELD IN HURRICANES

T. N. Krishnamurti
University of California, Los Angeles, California

ABSTRACT

Steady Symmetric Hurricanes: It is shown how a system of equa-
tions (motion, mass continuity, and the first law of thermodynamics)
can be integrated for a steady symmetric vortex with a prescribed
tangential motion. The method of characteristics is used to obtain
a solution for the vertical velocity field. For the normally ob-
served characteristic lines in a hurricane no vertical velocity is
possible for a frictionless atmosphere, and therefore numerical ex- °
periments are carried out with different magnitudes of the momentum
exchange coefficients. It is also shown that as long as the ratio
of the lateral and the vertical exchange coefficient is kept fixed,
one calculation of the vertical velocity field permits an examina-
tion of a wide range of variation of the individual coefficients.

A consistent structure of an Atlantic hurricane is constructed from
the National Hurricane Research Project data.

Asymmetric Hurricanes: An extension of the method is made to
include asymmetries. The vertical velocity field is again examined
under different conditions. The results show that it is possible
to obtain spiral bands in the vertical velocity without any of the
friction terms; an eye wall is obtained only when radial momentum
exchange by internal friction is included.

1. INTRODUCTION

A method for obtaining the vertical motion field for a steady symmetric
hurricane with a prescribed tangential motion will be presented, and it will
be shown how one can extend the analysis to obtain the vertical velocity field
in an asymmetric hurricane with a preseribed tangential motion.

The National Hurricane Research Project at Miami, Fla., has provided a
considerable amount of aireraft flight data in recent years, and this has en-
abled us to understand the structure of the hurricane much better than before.

The recent work of Berkofsky [1] and Kasahara [2] includes perhaps the
very few approaches in which hurricane development is treated as an initial
value problem. It is the aim of all research workers to see the complete
development of a hurricane in a model where one integrates the non-linear
equations of motion and brings sbout many of the observed features. The pre-
sent calculation of vertical motion is obtained from a complete system of
equations.



356

Table 1

Symbol Meaning of Symbol

Time.

Radius increasing outward.

Angle increasing in the counter clockwise sense.
Pressure used as a vertical coordinate.

Tangential wind velocity positive along increasing ©.
Radial wind velocity positive along r.

Vertical velocity in isobaric coordinates.

Height of constant pressure surface above sea level.
Temperature.

Rate of nonadiabatic heating per unit mass of air.
Specific heat of air at constant pressure.

Gas constant of air.

Coefficient of lateral momentum exchange. .
Coefficient of vertical momentum exchange.

Acceleration of gravity.

Hn e RY WO mHE N E < 2" DR oo

Coriolis parameter.

2. THE STEADY SYMMETRIC HURRICANE

Cylindrical isobaric coordinates will be used with the radius vector r

pointing outward, © the angle increasing in the cyclonic sense. Table 1 lists

the symbols used in this paper.

The equations of motion may be written in the form:

’

v(%+%+f)+w§%= g;[»(%+§)]+§5(xg—;.j-)

v

R R Rkt At 1AE 2R IR TS

0 < . dz _ RT
) €% "1
The equation of continuity,
1 Jdvr  dw
°=F & *%

and the thermodynamic energy equation

(1)

(3)

(1)
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It u, the tangential velocity, is prescribed at each point, then in prin-
ciple, we can solve for v, w, z, T,and H, provided we have knowledge about the

distribution of V and)(

Instead of immediately assigning certain reasonable values for Y and X,
equations (1) to (5) were non-dimensionalized through choice of a fundamental
length unit Ib’ a time unit to, and a pressure unit P, The non-dimensional

equations were solved by the following procedure:

Since u is prescribed, equations (1) and (4) can be treated as two
equations for the unknowns v and w. Equation (1) can be rewritten as

v=b+aw (6)
where
SRSy
b = < P P (7
u,u 2f
or ' r £,
and
du
% (8)
YT W Lu TE
x *r v

Eliminating v from (4) and (6) the following equation in ® may be obtained:

dw ow

w dar 1 obr
3p ettt >x T

35 " 0 (9)

The two newly introduced quantities a and b possess certain interesting
properties. a is the slope of the characteristic lines of equation (9) and
determines the slope of the vortex lines in the vertical plane. b is a term
representing the role of the lateral and vertical friction in the determina-
tion of the vertical velocity field.

Equation (9) may be written in the form:

dw w dar , 1 obr
% *To *Fom ~O (10)
where 8w will demote a change in w along the characteristic line of slope a.



358

100 = .
2001
300 -
Figure 1. - Mean cross-section
400 |- of the tangential wind ve-
P locity field in hurricane
(mb) 500 | Cleo. Units: knots.
600 -
700~ \\
800 | \
|
S00 - '
/
1000 A A S
o] 15 30 45 60 75 S0 105 120 135 150
f (Km) —_—
100
200 Figure 2. - Cross-section of
the vertical-velocity field
, o (mb./hr.) in hurricane Cleo,
August 18, 1958.
490
P
{mb) 500
600
700
800
800
1000 \n_’T 1 L X 1 1 "

5 30 45 60 75 90 105 120 135 150

r (Km) ——



359

Further, let
1 gf‘_rl =X
r or
J1 der (11)
r or
An explicit solution of equation (10) can be written in the form:
: - [xap (P Jxap )
o(p) = a(p) + e e dp (12)
Y

o
If w(po) = 0 then for Y = 0, a(p) = O and we get the important result that,

in a steady symmetric frictionless system no vertical motion is possible if
the vertical velocity is zero at any point of a characteristic line.

In examining the characteristic lines in various atmospheric systems, the
author found that these lines are usually vertical, i.e., a & 0, and they in-
tersect the 1000 mb. surface usually vertically. A boundary condition of the
type w =0 at p = 1000 mb. therefore would lead to no vertical motion for a
steady, symmetric, frictionless system. In such a system therefore one must
have friction to have any vertical motion.

We next let %=N and Y =M

A machine program can be easily set up to investigate the field of vertical
velocity for different values of ) and M. A study of the structure of steady
symmetric vortices for N = 1 and M taking different values was made.

Once «(p) is determined for any value of M, equation (6) may be used to
obtain a corresponding field of v.

If z(Lo ;D) is prescribed at r = L, then z(r,p) can be obtained from

equation (2) since

gz_-_[ u (2 +2: a)? y{y(.g%«»{-)}- 5?()(2%)] (13)

Further, T(r,p) can be obtained from the hydrostatic equation (3) for the
calculated z(r,p) field, and the right hand side of equation (5) can be com-
puted to give a distribution of H(r,p), the non-adiabatic heating.

Data from hurricane Cleo of 1958 were used to carry out the analysis.
Figure 1 shows the mean tangential wind field in the storm. It was then as-
sumed thet this storm was a steady symmetric disturbance. Solutions for v,w,
z,T,and H were obtained by the proposed method. It was found that even for
simple non-dimensional values of Y and (0.1 for instance), rather interest-
ing solutions for v,w,z,T,and H showed up. The vertical motion field, figure 2
had an eye with sinking motion, very large vertical motion at the eye wall and
much weaker upward vertical motion at large distances from the center. The
dimension and magnitude of v,w,z,T,and H appeared reasonable when compared with
certain observed magnitudes. Much still needed to be said asbout the magnitudes
of M end. It was found that the final pattern of w was largely determined %y
the lateral eddy exchange of momentum. The rgle of vertical eddy exchange of '
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momentum, though small in the determination of the vertical motion field, ap-
peared significant for exchanges of momentum with the ground.

3. THE ASYMMETRIC SYSTEM OF EQUATIONS

The following assumptions will be made:

(1) Steady state, i.e., g&_ bv 2= g% =0 -

(ii) As a first approximation -g ;35 is much smaller than other terms in the

tangential equation of motion.

2 B(VJ))
2 o0

other friction terms in the tangential equatlon of motion.

(iii)As a first approximation, the friction term == is smaller than

4

The system of equations is written as:

e v (@ 2e o R W@ D) v DS - S (@]
(14)

w v e rof g P T DE D+ % 3R]
G %é%gll | (1)
%+%}+%+§%’=o (17)
H (u%+v§T+w%§- -%20) (18)

These equations may be treated as five equations for the five unknowns v,
w, z, T,and H if the distribution of u is known. Our interest here lies in
seeing what sort of a system can be obtained by imposing the familiar crescent-
shaped geometry of the tangential wind in a mature hurricane.

It was possible to extend the analysis to this asymmetric system and
carry out numerical integrations. We present here some results for hurricane
Helene of September 1958. )

The storm Helene was ower the Atlantic and the National Hurricane Research
Project flew two complete flights at the 800- and 250-mb. surfaces. There was
a very good coverage of data and it was easy to obtain a reasonable analysis
of the tangential wind field. Figures 3 and L show these fields. The two
important features, namely the crescent-shaped geometry and the small vertical
variation of the wind are apparent.
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Figures 5, 6, and 7 show some calculations of the vertical motion field
at the 700-mb. surface. Respectively they signify the contribution by (1) pure
asymmetry - of the wind field without any of the friction terms, (ii) contribu-
tion by radial stresses of the tangential wind, (iii) contribution by the com-
plete friction terms. Figure 8 shows a radar composite chart for the same
storm.

In figure 5 one notices spirgl bands with up and down motion due to the
presence of asymmetries ;gs and u.;gs in the input wind field u(r,9,p). One

may notice that no closed eye wall shows up in this calculation. In figure 6
we have included the friction term due to the radial stress of the tangential
wind The most interesting feature is the presence of an eye with sinking
motion. The following additional features may be noted: The largest upward
vertical motions are found around the eye. The magnitude of the upward motion
falls off rapidly as r increases. The order of magnitude of the vertical
motion at r = 150 km. (100 n. mi.) is one to two orders of magnitude smaller
than that near the eye. To obtain the magnitude of vertical motion in units of
millibars per hour, the non-dimensionel numbers should be multiplied by pofo/2

131.0 mb./hr. The magnitudes compare very closely with those the author found
for the steady symmetric storm. Figure T shows the contribution by the com-
plete system including all of the friction terms. We notice that figures 6
and 7 appear rather similar, indicating that the contribution by the friction
term due to tangential and vertical shear of u is small.

In the radar composite chart for the storm Helene one sees dark and light
echoes. A comparison of figures 7 and 8 shows very close similarity. The
position of the bands of rising motion compares very well with the positions
of the echoes. In regions of downward motion there is an absence of echoes.
The eye, though a little elongated in shape in the numerical calculations,
appears to agree very well with the radar eye.

4., CONCLUDING COMMENTS

The results presented here form an outline of a method the author has

‘presented elsewhere in greater detail [3,4]. The reader is referred to these

papers for various aspects of the problem not included here.

This method of estimating vertical motion in the atmosphere is found to
be of great potential in several cases investigated. Further work on similar
lines is being carried out.
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Figure 5. - Non-dimensional vertical velocity field for hurricane Helene for
the case where no friction terms are included. To obtain the vertical
velocities in wnits of millibars/hour, multiply by 131.22.
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Figure 6. - Non-dimensional vertical velocity field for hurricane Helene for
the case where the friction term due to the radial stress of the tangen-

tial wind is included. To obtain the vertical velocity in units of milli-
bars/hour, multiply by 131.22.
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Figure 7. - Non-dimensional vertical velocity field for hurricane Helene for
the case where all of the friction terms are included. To obtain the
vertical velocitiles in units of millibars/hour, multiply by 131.22.
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Figure 8. - Radar composite chart for hurricane Helene. The strong and weaker
echoes are shown by different shading. [Note: Since the 2-cm. radar
covers a small area, the final picture presented here is not very reliable

for r > 60 km.]



36T

REFERENCES
L. Berkofsky, "A Numerical Model for the Prediction of Hurricane Forma-
tion," Geophysical Research Papers, No. 67, 1960.

A. Kasahara, "A Numerical Experiment on the Development of the Tropical
Cyclone," Technical Report, No. 12 on Contract Cwb 9718, Department of

' Meteorology, University of Chicago, 1960, 85 pp.

T. N. Krishnamurti, "On the Vertical Velocity Field in a Steady Symmetric
Hurricane," Tellus, vol. 13, No. 2, May 1961, pp. 171-180.

T. N. Krishnamurti, "Some Numerical Calculations of the Vertical Velocity
Field in Hurricanes," Technical Report, Department of Meteorology,
University of California, Los Angeles, 1961.




368

THE "DOUBLE EYE" OF HURRICANE DONNA

C. L. Jordan
Department of Meteorology, Florida State University

and

Lt. Frank J. Schatzle, USN
Airborne Early Warning Squadron Four, Roosevelt Roads, Puerto Rico

On the afternoon of September 6, 1960, hurricane Donna presented a
striking picture on the radar scope of a U, S. Navy hurricene reconnaissance
aireraftl as illustrated by figure 1. The structure of the inner portion of
the storm as indicated by the radar was very unusual in that not only was the
exact center of the storm clear of precipitation echoes but there was also s,
relatively wide ring in the storm interior with little or no radar return.
Descriptions of the core of this storm given to the press following the flight
led to newspaper stories of a "double eye", and at least one newspaper head-
line referred to "two-eyed" Donna. These accounts were misleading since they
failed to mention that the "eyes" were concentric. In the transmitted weather
reports, the storm core was described in terms of two concentric well clouds
and the inner diameter of each of the radar rings was given. As will be dis-
cussed below, this "double eye" structure persisted for at least several hours
and connections between the inner and outer rings, if present, were very weak.

A low-level penetration of the storm core was attempted from the south-
southwest shortly after the time of the photograph presented in figure 1. The
aircraft® was at an altitude near 1000 ft. and penetrated to a point about 32
mi. from the center of the inner ring or Just outside the edge of the outer
ring. At this point the penetration attempt was abandoned because of excessive
engine cooling due to the heavy rain. Surface wind speed estimates based on
the state of the sea reached 100 kt. at 45 mi. from the storm center and the
maximum value was entered as "120+". The central sea level pressure of the
storm at this time was near 940 mb,

A photograph of the scope of the vertically scanning radar taken during
the attempted low-level penetration (fig. 2) glves additional information on
the structure of the storm core. This range-height view, taken from a relative
‘position indicated by the "x" in figure 1, was directed across the eye from
south-sothwest toward north-northeast. The cross-section of the inner ring is
clearly shown but, because of attenuation, the outer ring on the opposite side
is barely discernible. This radar, the APS-L45, is subject to much greater
attenuation than the APS-20E, from which figure 1 was obtained, because of the
shorter wavelength which is used. The inner wall cloud is shown on the range-
height scope as nearly vertical and the echoes extend above 30,000 ft. The
diameter of this inmer "eye" varied from about 10 mi. at the lower level to
about 13 mi. at the higher levels.

;Of the Airborne Early Warning Squadron Four then located at the Naval Air
- Station, Jacksonville, Florida.

2The aircraft was of the Super Constellation type, U.S.Navy designation Wv-3,
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Figure 1. - A photograph of the scope of an APS-20E radar from a U. S. Navy
hurricane reconnaissance aircraft taken at approximately 2100 GMT, Septem-
ver 6, 1960. The aircraft position (at the center of the photograph) was
about 10 mi. south of Grand Turk Island and about 105 mi. west-southwest of
the center of the hurricane. The aircraft was at an altitude of about 1500
ft. and on the heading of 110°. Some of the echoes to the south and south-
west of the aircraft at a range of 75-150 mi. were from the mountains of
Hispaniola. The APS-20E is an S band (10.4 cm.) radar with a peak power
of 2.0 megawatts. The beam width, as defined by the half-power points, is
approximately 1.5° in the horizontal and 6.0° in the vertical. The symme-
trical spiralling pattern of light lines was caused by interference from
other electronic equipment.

The "clear" zone between the inner and outer rings on figure 2 is confused
to some extent on the side nearest the aircraft by return from the sea which
shows up in the form of a horizontal fanshaped pattern. The small faint echo
in the "clear" space on the far side of the imner ring should perhaps be asso-
ciated with the small echo in the same region on figure 1. The time differ-
ence of the two photographs is only about 30 minutes.

The radar appearance of the inner ring was more characteristic of convec-
tive type echoes than the outer one and it extended to somewhat greater heights
The maximum height of the inner ring during the several hours that it could be
seen on this flight was about 45,000 ft. while the clouds forming the outer
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Figure 2. - A photograph of the range-height scope of the APS-45 radar from a
U. S. Navy hurricane reconnaissance aircraft taken about 30 minutes after
figure 1. Height is shown on the vertical scale and slant range from the
aireraft on the horizontal scale. The aircraft was at a relative position
given approximately by the "x" on figure 1 and was at an altitude of about
1,000 ft. The view is directly across the storm center toward the north-
northeast. The APS-45 is an X band radar (3.2 cm.) with a peak power of
450 kilowatts. The beam width, as defined by the half-power points, is ap-
proximately 3.0° in the horizontal and 1.0° in the vertical.

ring appeared to be more stratiform in character and gradually died out on the
range-height scope above 30,000 ft. [n view of the greater strength and height
of the inner echo, it could be argued that, at this time the inner radar ring
should be considered as the true wall cloud of the eye.

Following the low-level penetration attempt, a climb to the 700-mb. level
was made and the storm core was penetrated from the northeast with relatively
little difficulty. The space between the radar rings was free of clouds in a
layer which was estimated to extend from sbout 3,000 ft. to about 25,000 ft.
However, "only & limited area was visible during the penetration and, unfortun~-
ately, the exit was made after dark. The stratocumulus between the two radar
rings consisted of well-formed concentric horizontal rolls and appeared to be
unusually low. The ocean surface was not visible through the stratocumulus so
that we have absolutely no information on the distribution of wind between the
inner and outer rings. Unfortunately, the research aircraft of the National
Hurricane Research Project did not enter Donna on this day.
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Figure 3. - A photograph of the plan-position scope of the APS-45 radar taken
at approximately 2215 GMT, September 6, 1960. The aircraft was at the
position indicated by the "+" and at an altitude of about 8,300 ft. The
20-mi. and 40-mi. range circles to the southeast of the center and the
60-mi. circle in the north-northeast sector can be seen faintly.

There was a thick layer of cirrus or high altostratus extending out from
the inner core and covering the area between the two rings. The inner core of
the storm was described by one of the pilots as resembling a giant "tastee
freeze". Inside the inner ring, the stratocumulus was nearly overcast but the
sea surface could be seen in spots. Cirrus was absent over most of the inner
"eye" and there were no clouds sbove the stratocumulus which, in this area,
extended to about 6,000 ft.

A photograph of the APS-45 scope taken during the penetration of the
inner radar ring (while the radar was on horizontal scan) is shown in figure
3. The "clear" ring shows up nicely but it is shown as being somewhat narrow-
er than indicated in figure 1. This difference is not surprising in view of
the shorter wavelength of this radar and the fact that the aircraft was much
closer to the cloud systems. The narrowest portion of the "clear" ring and
the greatest suggestion of a connection is shown on the north side of the cen-
ter. This is almost directly opposite to what was shown in figure 1 but
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there is a time difference of a little more than an hour between these two
photographs.

The "double eye" structure was observed throughout a period of about 5
hours during which the afternoon flight of September 6 had the hurricane on
its radar. The inner ring appeared to be weakening as the aircraft moved a-
way from the storm but it was noted on the subsequent flight a few hours later.
Limited information is available from this later flight because the radar was
not functioning properly. The eye reorganized during the night and on the fol-
lowing day an orthodox eye was found with a diameter of about 25 mi. About
12 hours prior to the time of figures 1 and 2 s there was no evidence of a
"double eye" and the eye diameter was reported as 20 mi.

A rather poorly documented case of a "double eye" was reported in a hur-
ricane of 1947 [3] and the same type of structure has been reported in several
typhoons in recent years. Fortner [1] described typhoon Sarah of 1956 at the
time when it had "an eye within an eye". In some of the spectacular typhoon
cases, the inner convective system appears as a giant cumulonimbus center in
a large "eye." The "inner eye" within the cumulonimbus vortex has been ob-
served to be as small as two miles. In these cases, winds well in excess of
typhoon force were observed in the relatively clear space separating the inner
and outer wall clouds. In other cases in recent years [2] » the radar has in-
dicated a very narrow ring of relatively weak return just outside a ring-shap-
ed wall cloud but these weak areas were not apparent from visual observations
made from the reconnaissance aircraft.

To our knowledge, all cases of "double eyes" in intense tropical cyclones
have been of the concentric type. There are often radar features, the so-
called "false eyes", outside the storm core which could be misinterpreted as
the eye of the storm by inexperienced observers. These however s do not have
closed circulations about them and are hardly detectable y if at all, in the
wind and pressure fields.
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VERIFICATION OF FORECASTS OF HURRICANE MOTION
USING VARIOUS TECHNIQUES

Jack D. Tracy
National Burricane Research Project » Miami, Florida

ABSTRACT

A number of techniques for forecasting hurricane motion for
periods of 24 and 36 hours have been verified. These techniques
were applied to the hurricanes which occurred during the 1959 and
1960 seasons.

From this appreciable sample of independent data; a sub-set of
"homogeneous"” data was selected. This sub-set is homogeneous in
that only forecasts that were maie at the same initial times by each
technique are considered. For f:recasts of 2h-hour motion, the 1960
Iravelers prediction equations | :signated the "T-60" technigue)
developed in a coopérative effor: with the National Hurricane Re-
sear.: Project, ylelded the smali.est median vector error of 68 n.mi.
next smallesi wei- the Riehl-Haggard-Sauborn (or AROWA) and 1959-
Zravelers met:dds with median vector =-ors of 104 and 106 n.mi. s
respect’ rely. T™WWP was next with 122 :. mi.

For t* foreca:.: oi 36-hour motion, the T-60 technique had the
lovest mecica vector error of 136 a. mi.

This --udy demonstrated (a) that the median vector errors were
red.-:d as it became more plentiful, (b) the same techniques pro-
duc-:i wide racyoes in median errors from one storm to another, and
(c) errors made t: the T-60 technique became significantly less
whe:: the initial end persistence positions were accurately known.

INTRODUCTION

The purpose of this paper is 1o assess the performance of various fore-
casting techniques in determining the future course of hurricanes. The point
of view taken by this investigation in achieving the above purpose has been
that of the verification of operational forecasts of hurricane motion. The
technical performance of these techniques will probably be considered at some
future date. .

In verifying the forecasts provided by the several objective techniques
available to the forecaster on an operational basis, the forecast positions for
2l and 36 hours were verified against the actual location of the storm center
at the end of these forecast periods. The parameter used as the verification
measure is the vector error in units of nautical miles. The storm tracks



against which the verifications were
made are the official Weather Bureau
tracks as published in [1, 2, 3]L.

"““"'“:':Eg"“m The writer made all of the fore-
casts using the 1960 Travelers pre-
diction equations [4] on a simulated
operational basis. These equations
are defined collectively as the "T-60"
technique. They were developed in a
cooperative effort between the Nation-
al Hurricane Research Project and The
Travelers Research Center, Inc.

AREA °A°

As this technique was applied to
Figure 1. - Areas in which tropical the storms for which forecasts were

storms were located at time of mede, a scrupulous attempt was made
forecast; used for classifying to prohibit hindsight knowledge of the
the verifications. storm's motion from influencing the

selection of the initial and persis-
ence positions that were used in the
computations.

For this paper, the presentation of a "homogeneous" set of data has been
undertaken. Except for the comments about the District Meteorological Office
Operational Forecasts, only those forecasts which were made at the same initial
times by each method for each storm are considered. These data have been ex-
tracted from a much larger and heterogeneous compilation of verification data,
publication of which is expected in the future. ”

VERIFICATION OF DISTRICT METEOROLOGICAL OFFICES
OPERATIONAL FORECASTS

For a paper that was presented by Gentry [5] at the First Technical Con-
ference on Hurricanes in November 1958 , the writer verified a number of the
operational forecasts made by the Weather Bureau District Meteorological Of-.
fices. The verifications were classified according to the area in which the
tropical cyclone was located at the time the forecast was made. These areas
are shown in figure 1. These areas were selected for they roughly delineate
the areas of data density. That is, the most data are usually obtained in
Area "B", followed by Area "C", with the smallest amownt of data coming from
Area "A",

As a logical extension to this earlier work, the vériﬁ.ca.tion of these
operational forecasts has been continued through the hurricane season of 1960.
Table 1 presents these data.

Area "A" has the largest median error for all combinations of years ex-
cept 1960 when only 8 cases were verified. This median error is 164k n. mi. for
the years 1955-1960 and represents 173 cases.

lThe writer had access to many of the large-scale maps of these storm tracks be-
fore they were reduced for inclusion in these publications.
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Teble 1. - Verification of District Meteorological Office operational fore-
casts considering the geographical location of the tropical cyclone at the
initial time. Forecasts for 24 hours.

Area A Area, B Ares ¢ A+B+C

T B Je e e s e St g
(nemi.) (nomi.) (nemi.) (nymi.)
1955-1957 145 ns 93 151 151 8k 118 333
1958 165 7 96 52 122 26 104 85
1959 307 Lo 125 59 127 27 152 126
1960 63 8 7 32 203 19 109 59.
1958-1960 208 55 99 143 143 T2 129 270"
1955-1960 164 173 95 27k 137 156 122 603

35 tropical cyclones were considered for the above results.

Area "C" has the next largest median error, 137 n.mi. for the years 1955-
1960 representing 156 forecasts.

Area "B" has the least median error of 95 n.mi. for the years 1955-1960
and represents the median of 274k cases. These data clearly demonstrate the
dramatic reduction in forecast errors when data become more plentiful.

Although the sample sizes are different from year to year, there appears
to be a significant variability in the median error from one hurricane season
to the next. This is particularly true if the median errors from area "B" are
examined. The writer believes that this variability is due primarily to the
accumulated forecast difficulties of the storms themselves .

The forecasts for 35 tropical storms and hurricanes have been verified.
The overall median error for all storms and all areas is 122 n.mi. and repre-
sents the median of 603 forecasts. This compares with a median error of 118
n.mi. for 333 cases = during the years 1955-1957.

Before leaving this section, it should be mentioned that these forecasts
were made by many different people at different hurricane forecast offices.
VERIFICATION OF SEVERAL TECHNIQUES
GIVING 24-HOUR FORECASTS
Tables 2 and 3 present the vector errors determined for several methods

that were applied to the hurricanes of 1959 and 1960. Table 3 also gives the
combined vector errors for 1959 and 1960.

These tables were designed to show the operational performence of the
different techniques by individual storms as well as the combined results of
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each technique. Because of the restriction imposed by considering these fore-
casts which were made by each technique at the same initial times, the sample
size has been reduced greatly. However, this restriction does permit a good
_homogeneous set of data to be presented for analysis and study.

Tables 2 and 3 indicate the variability in the vector errors resulting
from tne trorecasts made by these techniques from one storm to another. It is
suggested that no technique had a stable performance. For example, the T-60
method for Gracie has a median error of 66 n. mi. whereas for Donna the error
is 55 .n., mi. The Riehl-Haggard-Sanborn (or AROWA) method for Gracie has a
median error of 69 n.mi. whereas for Donna the error is 130 n.mi.

When the combined errors for each year are inspected, it is seen that the
T-60 and JNWP techniques maintained about the same medians. The others exhi-
bited wide variations.

When the overall performances of 1959 and 1960 are combined, the T-60
method has the smallest median error of 68 n.mi. Next were the Riehl-Haggard-
Sanborn and 1959 Travelers methods with 104 and 106 n.mi., respectively. They
were followed by the JNWP technique with 122 n.mi. Twenty-seven forecasts were
verified for each of these medians.

VERIFICATION OF 36-HOUR FORECASTS USING
THE T-60, JNWP, AND PERSISTENCE TECHNIQUES

Tables 4a and 4b present the vector errors for the T-60, JNWP, and persis-
tence techniques for the hurricanes of 1959 and 1960. Table 4b gives the com-
bined vector errors for 1959 and 1960.

These tables also illustrate the fact that the 36-hour forecast techniques
show varisbility in performance from one storm to another as did the 2k-hour
forecast techniques. Not considering the data for hurricane Judith, the T-60
metbod has median errors ranging from 77 to 204 n.mi. Similar statements can
be made for the other two methods.

. When the combined errors for each year are inspected, it is seen that the
errors for each technique varied but the JNWP method had the least variability.

When the overall performances of 1959 and 1960 are combined, the T-60
method has the least median error of 136 n.mi. followed by JNWP with 189 n.mi.
Next was persistence with 202 n.mi. Forty-one forecasts were verified for
each of these medians.

A further breakdown of this verification data into areas "B" and "C" and"
by storm intensity was undertaken. These tables will not be presented but the
significant points contained in them showed essentially the same information
as given in tables 2, 3, and 4 except that the magnitudes of the median errors
vere somewhat less.



381
SUMMARY, CONCLUSIONS, AND SUGGESTIONS

For those forecasts of 2h-hour motion, the T-60 technique has the smallest
median error of 68 n.mi. followed by the Riehl-Haggard-Sanborn snd 1959 Tra-
velers methods with 104 and 106 n.mi. respectively. JNWP followed with 122 n.
mi,

For those forecasts of 36-hour motion, the T-60 technique has the least
median error of 136 n.mi. Next was JNWP with 189 n.mi. followed by persistence
with 202 n.mi.

All median errors for these technigues appeared to become smaller as the
data became more plentiful.

The writer believes that this study enables him to endorse a suggestion
made by Veigas, Miller, and Howe [6]. This suggestion is "... Réduction in the
size of the zones or a stratification of storms according to structure should '
be attempted in order to provide more homogeneity in the storms for which a
given equation [or techniquel? is used ..."

As an attempt to predict the track of a hurricane more accurately during
recurvature or a change in course, parameters could be developed from the
dependent dats which (a) give the radii of curvature exhibited by known storm
tracks as a function of the motion of the storm center, and (b) give the rates
of change of these radii of curvature as a function of observed accelerations
and decelerations in the motion of the storm center. This information would be
incorporated in statistically determined prediction equations by suitable
means.

Present and future prediction techniques might be modified so as to "moni-
tor themselves" by considering the latest vector error made by each technique
during a particular storm. -

An experiment conducted using hurricane Donna has highlighted the im-
portance of having accurate information as to the initial and persistence posi-
tions of a hurricane in applying the T-60 technique. When the initial and per-
sistence positions that were determined operationally are used, the average
vector error is 90 n.mi. If the initial and persistence positions as deter-
mined from the official tracks are used, the average vector error becomes T3
n.mi. Thirty-seven forecasts were verified in each case.

Of course the accuracy of all techniques would probably improve as suit-
able data necessary for their application became more plentiful.

2Added by writer.
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USE OF VERTICALLY INTEGRATED FLOW IN PREDICTION
OF HURRICANE DISPLACEMENTl

(Condensed Version)

Frederick Sanders
Massachusetts Institute of Technology, Cambridge, Mass. -

INTRODUCTION

In view of the crucial nature of the prediction of hurricane position it
seems worthwhile to investigate the possible advantages of barotropic predic-
tion of vertically averaged flow in this respect. Previous attempts at baro-
tropic prediction of hurricane tracks by application at mid-tropospheric,
levels have been reported by Kasahara [1] and by Birchfield [2], among others,
with some success. It is reasonmable to hope, therefore, that a significant.
improvement in the accuracy of these forecasts can be achieved by use of ver-
tically averaged data in lieu of data at a single level or a simple conbina-
tion of data at a few levels.,

THE BASIS OF THE PREDICTION METHOD

‘ The development of the prediction method starts with a pressure-averaged
form of the simplified vorticity equation, derived on the assumption that w,
the substantial derivative of pressure, vanishes at 1000 mb. and at 100 mb.,
the boundaries of the layer over which the averaging is performed. Thus,

oh
E.E’_“=- \Vm'V(hm-!-f)-(\V"Vh')m (1)
where
N 1000(mb. )
()= 566 (mb.) () ap
100(mb. )

(=0 )-( ),

The second term on the right-hand side of equation (1) is neglected in the
present work, though it may be important to the extent that there is an
organized pattern of vertical wind shear.

Application of the principles of Fjﬁrtoft's {3] graphical technique in-
dicates that the displacement veloclty of the hurricane, ¢ , is given by the
velocity of a "steering" flow evaluated at the hurricane center. Specifically,

lThe work reported herein was sponsored by Geophysics Research Directorate,
Air Force Cambridge Research Laboratories under Contract Nos. AF 19(60k4)-
1305, AF 19(60k4)-5491, and AF 19(60k)-8373.
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Table 1. - Summary of results.

RMS RMS RMS RMS Mean Mean
Position ErrorFPosiﬁon Error #Position Error {Magnitude of | Vector Diff. | Vector Diff
(n.m) (nm.) {n.m.) |Vector_Diff. [(Deg & kis) |(Deg & kis)
12-r Fest |24-nr Fest |36-hr Fest |I€ — W1 |Geographical] Relative
Period (Knots)
156 .3 129/0. 126/1.0
1954 - 1958 _ 5 _ 3 29/08 /L
N 41 42 42 42
1959 -1960 58 126 257 4.1 140/1.4 130/1.5
N 27 25 22 27 27 27
Gracie (1959) 46 298 200 44 150/2.9 145/1.7
’ 6 5 6 7 7 7
N S
X | l. 160/72.4
Donna (1960) 55 95 228 3.9 20/1.3 60/2
N 7 6 6 7 7 7
¢ = \Vm + \VG (2)
where

v, = (g/f) kx\JZ
WV, =(g/f) kKx{/ ¢

' 6 2| (£°A7 cotan g/en.”) ag

- A i

Here 2; is a horizontally averaged height. The selected value of the aver-
aging distance, A , was 180 n.mi., half that recommended by F,j;‘rtoft. This
choice, however, is appropriate for the relatively small size of the tropical
cyclone. The velocity, WG, carries the influence of the variation of Cor-

iolis parameter. It is an east wind of about 1 kt. and was neglected in the
results to be presented. The intense inner portion of the hurricane vortex
was intentionally omitted from the initial analysis.

RESULTS

Table 1 contains a summary of results obtained in application of the
method to numerous hurricanes over the period from 1954 to 1960. These re-
sults are of two types. The three right-hand columns of the table afford com-
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parisons of the hurricane displacement velocity and the concurrent steering
veloci‘by,2 and thus a test of the validity of equation (2). The vector dif-
ferences are quite small and quite consistent from year to year and from storm
to storm. The two right-hand columns indicate the presence of a significant.
bias. The direction of the difference is the direction from which the vector
emanates. Thus, storms move more rapidly northwestward than. indicated by the
steering flow. The mean relative difference (with 360° being taken as the
direction toward which the storm is moving) indicates that the storm moves to
the left of the direction of the steering flow and more rapidly than its speed.
The zonal bias is attributable to the failure to include \y in the actual de-

terminations of steering flow. Ansalysis error and the effect of organized
vertical wind shear probably both contribute to the bias along the storm track.

A number of forecasts of storm position were made by displacing the hyr-
ricane for 12, 2k, or 36 hours in the initial field of steering flow, on the-
assumption that the field remains steady. The results of these forecasts are.
sunmarized in the first three columns of table 1. The relatively high root-
mean-square error in the 2h-hour forecasts for 1954-1958 is attributable to
the ten predictions made for Hazel 1954, which yielded a RMS error of 253 n.mi,
The error for the remaining forecasts during this period was 107 n.mi. In the
case of Hazel, and indeed with all other cases of spectacular error, there
were pronounced temporal changes in the steering flow. Recomputation of se-
lected trajectories, based upon either observed or barotropically computed
changes of the steering flow, eliminated about half of the error in these
cases of forecast failure.

ADVANTAGES OF THE USE OF VERTICALLY AVERAGED DATA

These results are not significantly better than those obtained by any of
several other methods. To demonstrate the efficacy of the use of vertically
averaged winds a direct study was made of the difference between this flow and
500-mb. flow. A typical result, for Carol 1954, is shown in figure 1. In
this figure the vertically averaged and 500-mb. heights are expressed as D
and D_., their respective departures from standard atmosphere values. A hub

of excessive averaged heights, due to relative warmth in the upper troposphere,
lies to the right of the track of this northward-moving storm. The averaged
wind contains a stronger southerly component than does the 500-mb. wind at all
coastal locations. 1In view of the deficit in predicted speed yielded by the
averaged data it is apparent that a forecast based upon 500-mb. data alone
must be inferior.

Similar patterns of difference were found for many of the other cases in-
vestigated, but not for all. A similar pattern, unusually well documented by

2The wavy bar refers to an approximation to the vertically averaged value, de-
rived from use of data at mandatory levels. Thus, ( )=& ( )
12 1000
1

*3( Jgso * 5.111( )7oo+6( )soo * 5 ¢ )hoo+E( )3oo+'31:8( ) 250
1 1 1 ~
*38 0 oo 18 ( D150 * 35 ( oo = )y
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wind data, was found for Donna 1960
over the period September 6 to 10,

as shown in figure 2. The track of
the storm lay from a short distance
northeast of Hispaniola through the
Bahamas to southern Florida. Again the averaged data contain a few more knots
along the track than do the 500-mb. data, so that the former must yield a
superior forecast.

These results-suggest the presence of vertical wind shear sufficiently
well organized to raise some doubt whether the neglect of the second term on
the right-band side of equation (1) is justifiable. In an attempt to answer
this question, & dynamic analysis was performed of the winds in the vicinity
of*Donna 1960 from September 6 to 10. To avoid the cumbersome analysis of
vorticity gradients, the treatment was carried out in analogous terms of mo-
mentum transport, along lines suggested by Starr [4]. With reference to
figure 3, consider a cylinder with a locally fixed vertical axis and a ra-
dius R, bounded at the base and top by the 1000-mb. and 100-mb. surfaces,
respectively. On the assumption that « vanishes at these levels, and with
the neglect of friction, the time rate of change of M, the angular momentum
of flow.within the cylinder about the local axis is given approximately by
the transport of momentum across its surface. Thus,

) |
%M;saﬁ op o dS =3L9ig.@Mf (cg cp) 49 (3)
(o)

S
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Figure 3. - Diagram illustrating
angular momentum computations.

where Miier T eq av.

Note that momentum transport is pro-
portional to the product of the tan-
gential and radial components of the
wind, Cm and g’ respectively. As

in the case of vorticity advection,
it is convenient -to write

(cT cR)m =
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GYLINDER BASE AND $7aTONS FOR
ANGULAR MOWENTUM COMPUTATIONS

”"§>

(CT)m (CR)m * (cé ¢

Figure 4. - Cylinder base and stations

for angular momentum computations
with track of hurricane also shown.

(4)

Similarly the second term on the right-hand side of equation (4) represents

the effect of organized vertical wind shear.

The selected local axis and the

stations for which data were considered are shown in figure h, along with

positions of the storm center.

AP AN,
Values of Cn Cps cT cR, and (c

wind sounding.

evident that the value of the mean product, c,, C.

An analysis of the results is presented in figure 5

) were evaluated for each avallable

It is

T R’ can be better represented

by the product of the means, c, EE, than by the product at 500 mb., the level

T

most frequently used for barotropic prediction.

Cursory examination of the

data indicated that the mean product was most closely approximated by the data
at 700 mb. and at 500 mb. more frequently than by data at other levels, but

not by a wide margin.

For more direct implications concerning vorticity advection than can be
given by analysis of individual soundings, estimates of momentum transfer
across the vertical wall cf a cylinder with radius 240 n.mi., the base of

which is shown in figure U, were made by summations of analyzed values of

end C, c at twelve points on the circumference.

p CR iy

The summations of

these two quantities were highly correlated (r = 0.984%) and the regression

equation was given by

X opeg-

87 + 1.09 E&

E; (kt.)2 (5)




388

OO——r—T—T—T— T T T T T T T T T T T 7 —
00} s00F
7/
eoor 800 o Peagressin Equation 7
7001 700F CrCp s 06 +0TB(C, Cyly y
=/,
€00 600t 7
7 Erear (Cra),
oot soo- 7 ErCac(Crlply
,,}
a0t 400f .
300+ 300-
200+ 200}
N
“ : Y
% ror %" oor A
. - ol
& O £ o "»f;; .
- - . &
W o0k £ oot /o
— o o= ,
200} Gl & G 1 200} /
-300F 0000GET SEP 6 1960 N
.. THROUGH —
e s 12006CT  S& © (360 1 .00t ErCa m {Cr Cyly
{200GCT. SEP 9 EXCLUOED) T s 6 B60
“~or ¥ ¢« 40967 -soop RO
o0 {1 oo} 200GCT SEP 10 1960
700} -1200} (12006CT SEP 9 EXCLUGED)
-800- e Ye 40753
OO 1L e 2 100! y N n X 1 1 N 2 1 : 1
- 800 -600  -400  -200 0 200 400 €00 800 0 T.poo 800 600 400 200 o * ~ 200 400 . 600 800 1000

& on it E7c, it

Figure 5. - Comparisons of evaluation of e c. and~(cT cR)5 for each

T °R
available wind sounding.

The fact that the product of the means underestimated the mean product by al-
most 10 percent suggests that the deficit in predicted forward speed for this
hurricane (see table 1) can be partly accounted for by the neglect of ( W'/
h') in equation (1).

At this point, however, a curious paradox arises. Because of the high

correlation mentioned above, it is evident that cT' cR' is nearly proportional

to cT cR This feature is specifically characteristic of the equivalent-

barotropic model atmosphere, as propounded by Charney and Eliassen [5]. Yet
no "equivalent-barotropic level” can be found at which the product represents
the mean product as well as does the product of the means. The reason appears
to be that substantial irregular, and largely random, vertiecal variation of
wind is present along with the organized large-scale shear, rendering the wind
at any single level nonrepresentative to a greater or lesser degree. There
seems to be no short-cut around use of the vertically integrated data.

A CONCLUDING RECOMMENDATION
A suggested optimum forecasting procedure might be:

1. Compute vertically averaged data over the region within perhaps 1000
miles of the hurricane.

2. Remove the intense inner portion of the vortex by ignoring it, or per-
haps by some better way.
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3. Determine a hurricane steering flow by suita.blé horizontal averaging

of the rest of the field of flow. Perhaps the hurricane could be displaced
with a percentage of the speed of the steering flow, as determined by & re-
gression analysis of momentum transports in the initial data.

i, Predict temporal changes of the steering flow barotropically, using

convential 500-mb., results as a boundary condition along the periphery of the
inner environmental region.

Through use of a procedure such as this it would not be unreasonable to

hope that the error in short-range prediction of hurricane displacement could
be reduced to about 60 percent of its present value.
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INTERACTION OF A HURRICANE WITH THE STEERING FLOW

AND ITS EFFECT UPON THE HURRICANE TRAJECTORY

Akira Kasahara
and
George W. Platzman ,
The University of Chicago, Chicago, I11.

ABSTRACT

4 If the steering flow is defined at all times as the residual
after subtraction of an axially-symmetric vortex which moves with
variable speed but invariant shape, then as shown by Morikawa, in-

_ teraction terms appear in the prediction equation which governs
the steering flow. - B

; o ‘The vortex is taken here as in previous work by Kasahara [1]
as one which minimizes the variance of the steering flow in the
initial data, rather than as the singular vortex used by Morikaws,
[3]. The propagatiomyvelocity of the vortex, defined in such a
why as to minimize individual changes of the steering-flow vorti-
city or potential vorticity, includes small dynamical terms de-
pendent upon the steering-flow vorticity gradient and upon the
scale of the vortex. ' '

. Numerical computations are made for hurricane Betsy 1956;
the results are compared with those obtained earlier (Kasahara
[2]) and with those of Morikawa.
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AN IMPROVED NWP MODEL FOR FORECASTING
THE PATHS OF TROPICAL CYCLONES
(Condensed Version)

Lloyd W. Vanderman, Major USAF
Joint Numerical Weather Prediction Unit, Suitland, Md.

An improved numerical prediction model for forecasting the paths of
hurricanes and typhoons is presented. The barotropic flow is assumed as the
steering flow for the tropical cyclone. The tropical cyclone is eliminated
from the initial height analysis and a steering wind, determined by the recent
past movement of the cyclone, is analyzed in its region. The tropical cyclone
is then represented by a constant circular vortex stream described in terms of
the cyclone's eye radius, maximum wind speed, and outside mean radius which
are available from reconnaissance and other data and analyses. The equation
for the vortex stream is:

‘l‘l = % v Rz/s /8 R5/8], R,& r £ R (1a)
' 2 2 ; L £
g R G een), 0frdng  Gw

in which; vm is the maximum wind speed of the cyclone; R° is the eye radius of
the cyclone; R is the mean outside radius of the cyclone circulation; r is
radius distance from the vortex center. Equation (la) is for a C = vr5/8 vor=
tex betwegn the eye radius and the outside r&dius and equation (1b) is for a
c = vr'l<wm for ihe region of ‘e eye. Vo is assigned to the edge of the
eye, ¢1 =~Q at r = R, andq'2 = QQ'at.r = Ro' Figure 1 shows wind speed and
stream curves, representing a typical hurricene with respect to values of v
Ro, and R, for several wind speed profiles of the vortex in the region be-

tween the eye radius and the outside radius. To insure that the vortex is
well defined around its center, R, the outside radius, is greater than

\/ 10/2 grid lengths (See fig. 2) so that eight or more grid point values
other than zero always represent it. A grid length is 381 km. at 60°, the
true latitude of the polar sterographic map projection used.

The mddified barotropic forecast equation employed is:

(V2-Kﬁ)%17=.lf(ﬁ,?+‘?)+ﬁc (2)
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X X X X X X

Figure 2. - Grid representation of the vortex with 8 or more grid point stream
values. Outside radius R>)10/2 grid lengths.

in which t is time; K is a constant; ¥ is the barotropic steering stream; 7

is the absolute vorticity of the barotropic steering stream; ‘f' is the vortex
stream, and 7 G is a combined mountain and friction term. Two terms , apparent-
ly missing from the advection Jacobian, aremg, ¥Y), the advection of the re-
lative vorticity of the vortex with the vortex flow, which is equivalent to
zero since the vortex is steady and circular,andJ' (¢, 7}7). The latter term is
accounted for by mechanically moving the vortex stream with its center point
which is tracked in the barotropic steering flow thereby complementing the

barotropic forecast equation (2).

Figure 3 shows several forecasts for different wind speed prafiles and
the same values of Vi? Ro ;, and R, A point track in the barotropic steering

flow, with no vortex, is included for comparison. Figure 4 shows two fore-

2 / 8 between the eye and the outside radius.

casts for the definition ¢ = vr
One forecast employed the 500-mb. barotropic steering flow and the other a

vertically weighted mean barotropic flow. This forecasting model seems to be
more sensitive to the wind speed profile employed for the vortex than to the
values of vm, Ro s and R. The best average wind speed profile for the vortex

5/8

appears to be ¢ = vr in the region R;) < r £R,
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PREDICTION OF TWELVE, TWENTY-FOUR, AND THIRTY-SIX HOUR
DISPLACEMENT OF HURRICANES BY STATISTICAL METHODS

(Extended Abstract )

Keith W. Veigas -
Travelers Research Center, Inc., Hartford, Conn.

INTRODUCTION

The development of statistically-derived objective procedures for the
prediction of hurricane movement has been the object .of a series of extensive
experiments carried out during the past four years both by the Travelers Rer
search Center (Veigas et al. [3]) and at AROWA (Riehl, et al. [2]). In these.
experiments the statistical analyses were based, in general, on various re-
gression techniques, and the prediction problem was -formulated in terms of a
moving coordinate system - i.e., parameters were measured at positions fixed
with respect to the center of the hurricane rather than at positions fixed
with respect to the earth.

The encouraging measure of success achieved in these early experiments

for predicting the 24-hr. displacement of hurricanes suggested the possibility

of extending the analyses to prediction of 12- and 36~hr. displacements. The
availability of a greatly-improved set of data (gathered during the post-war
years and including upper-air observations) added impetus to the undertaking
of such a study, for these data would not only lead to a reasonable extension
of the forecast time interval but also would permit a direct re-evaluation of
the earlier 2h-hour experiments.

With these objectives in mind, a
joint project was established between
the United. States Weather Bureau and
the Travelers Research Center. The pri-
mary concern of the project was the
development and testing of a new set of
12-, 24, and 36-hr. statistical pre-
diction equations with the analysis to
be based on the best set of hurricane
observations currently availeble.

RESULTS - DEPENDENT DATA

The screening regression procedure
(Miller [1]) was used to derive pre-
diction equations for the east-west and
north-south components of the 12-, 2h-,

and 36-hr. displacement of hurricanes
in both the southern and northern zones

(see fig. 1). All the necessary compu- Figure 1. - Hurricane areas, southern

tations were carried out by the IBM 7Ok and northern zones.
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Table 1. - Sample size and number of possible predictors: the southern zone
and the northern zone.

o e—— — o e
———

Zone Sample size Number of possible predictors
Southern 129 cases 99 (sea level predictors)
. Northern 150 cases 154 (sea level and 500-mb. predictors)

Table 2. - Summary of results, dependent data, southern zone.

Sample Forecast _RMSE (n. mi.)

size  interval N-S component E-W component Vector
129 12-hr, 33 33 47
129 2h-hr, 69 67 96
129 36-ht. 118 110 162

Table 3. - Summary of results, dependent data, northern zone.

Sample Forecast RMSE (n. mi.) .
size interval N-S component E~-W. component Vector
150 12-hr. 35 36 51
150 24-hr, 78 7 110
150 36-hr. 115 123 169

*'fhe sample size and the number of predictors used are summarized in
table 1.

A sumary of the southern zone dependent data results, in terms of the
RMSE for each component and for the total vector change is given in table 2.
These results indicate that some improvement may have been achieved over the
results reported in 1959 [3]. For example, the 24-hr. RMSE in this study was
96 n. mi., compared with 120 n. mi. in the 1959 experiments. The validity of
this improvement, of course, must be checked with independent data.

A summary of the dependent data results for the northern zone, in terms
of RMSE for each component and for the total vector change, is given in table
3. .The northern zone results (as did the southern zone) suggested some im-
provement over the earlier studies. For example, the 24-hr. RMSE was 110 n.mi.
compared with 180 n.mi. in the 1959 experiment. Again, of course, the validity
of any improvement must be tested with independent data.
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Table 4, - Summary of operational
fore_ca.sts- for hurricane Donna.

Number of Forecast Vector RMSE

forecasts interval (ne mi. )
5 12-hr. L5
. acil .
11 2h-hr, 11k r d@)
11 36-hr. 190 = N
o226 LY
o =

g;:fb-
© OBSERVED POSITION

+ PREDICTED POSITION

Figure 2. - Forecast and observed
tracks for hurricane Donna 1200
GMI', September 9, 1960.

12213 y’

y£n

srzR
® 00212
© OBSERVED POSITION :: : \
+ PREDICTED POSITION
©® OBSERVED POSITION oozt
+PREDICTED POSITION
Figure 3. - Forecast and observed Figure 4. - Forecast and observed
tracks for hurricane Donna 1800 tracks. for hurricane Donna 0000

GMP, September 9, 1960. GMT, September 12, 1960.
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RESULTS - INDEPENDENT DATA

The author was fortunate to be in Miami in September 1960 when hurricane
Donna was threatening the Caribbean and the eastern portions of the United
States. This provided the opportunity to prepare several forecasts of Donna's
displacement under operational conditions. A summary of the results of these
operational forecasts is given in table 4., In all, five 12-hr. forecasts,
eleven 24-hr. forecasts, and eleven 36-hr. forecasts were prepared. The vec-
tor RMSE's obtained for this small but independent sample suffered only minor
shrinkage when compared with the RMSE's of the dependent data. For example,
the RMSE OF 114 n.mi. for the eleven 24-hr. forecasts compares very favorably
with the RMSE's of 96 and 110 n. mi. obtained with the southern and northern
zone dependent data, respectively.

Three forecasted and observed tracks for Donna are illustrated in figures
2, 3, and 4, In the 2h-hr. period prior to 1200 GMI', September 9, hurricane
Donna had been moving in a westerly direction parallel to ‘the northern coast
of Cuba. At 1200 GMT', forecasts for 24-hr. and 36-hr. intervals were made,
both of which indicated a tendency for the storm to recurve (see fig. 2).
Hurricane Donna did in fact recurve, and the vector error for both the 24-hr.
and the 36-hr. forecasts was only 60 n. mi.

Six hours later, at 1800 GMT', September 9, 12-, 24-, and 36-hr. forecasts
were prepared (see fig. 3). Again the change in direction of motion was cor-
rectly forecasted. The vector errors for the 12- 2h-, and 36-hr. forecasts
were only 30, 48, and 60 n.mi. respectively.

Donna continuved to move up the east coast and passed into the northern
zone. The northern zone 12-, 24-, and 36-hr. forecasts computed at 0000 GMT
September 12 are shown in figure 4. Despite the fact that in this case the
equations failed to account for all of the storm's accelerated motion and
resulted in rather large forecast errors of 60, 180, and 252 n.mi. for the
three forecast intervals respectively, the forecasted track was notably close
to the subsequently observed track.
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THREE SETS OF REGRESSION EQUATIONS TO FORECAST
THE MOVEMENTS AND SURFACE PRESSURES OF TYPHOONS

_ . H. Arakawa
Meteorological Research Institute, Tokyo, Japan .

INTRODUCTION

Forecasting the tracks and the intensities of typhoons is a very impor-
tant problem in Japan, for the estimated annual mean damage attained some
2/3 billion dollars after the 1946-1958 census. Although synoptic forecabters
can predict the movement of typhoons with moderate skill, there exists a need
for more accurate forecasts. Recent advances in numerical weather predictions
provide unique forecasting techniques that seem to be very promising. Another
promising alternative is the statistical forecasting of the movement of hurri-
canes proposed by Veigas and Miller in 1958. The present author intends to
present summaries of his statistical study on the movements and the central
surface pressures of typhoons by means of the Veigas-Miller screening proce-
dure. This study is to be classified into three categories as follows:

1. REGRESSION EQUATIONS FOR THE MOVEMENT AND THE CENTRAL SURFACE
PRESSURE OF TYPHOONS SITUATED IN THE AREA
120°Eo" l&)oEo’ 20°No" 5ll'°Na

Almost all typhoons which hit Japan proper advance through the area (120°
E.-180°E., 20°-34°N.) shown in figure 1. To obtain the pressure patterns re-
lative to the typhoon center, the author took the grid points provided by
5-degree east latitude and 5-degree north latitude intersectionms. Eightyfour
grid point pressures were read from the surface weather map to give the pres-
sure pattern relative to each typhoon center, as shown by figure 2.

- Using daily weather maps covering ll-year periods (1949-1959), the author
found the number of typhoon days (shown in table 1) and stratified these cases
by time of day and by months. Here tropical storms are also included in the
data sample.

The number of possible predictors total 89 and are as follows:

Xy eeeer Xg, o G surface pressure values at chart time (xh6 = Po)
7\0 : east longitude at chart time
¢° : north latitude at chart time
7\=2h : east longitude 24 hours prior to chart time
g o : north latitude 24 hours prior to chart time
P_o), : central pressure 24 hours prior to chart time

The predictands are:

2k4) east longitude 24 hours after the chart time

pred.
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20°N

3 O

Figure 1. - If the current location of the storm center was in the zone out-
lined, 84 surface pressure values were read at the points shown in

figure 2.

78 71 64 57 50 43 36 29 2 15 8 1
79| 72| . 65 58 51 4 37 30 P} 16 9 2
80 73 66 59 52 45 38 31 24 17 10) 3
' 81 74 67 60 53 469’ 39 32 25 18 1 4
82 75 68 61 54 47 40 3 26 19 12 5

,

83 76 69 62 55 48 41 k") 27 20 13 6
N 70 63 56 49 ) 28 21 14 7

Figure 2. - The 5° grid used for reading surface pressures. Center of grid
was placed at nearest 1° point to center of storm and pressures were read
at the numbered intersections.
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Table 1. - Number of tropical storm and typhoon days within the zone of
figure 1 during the years 1949-1959.

Aug, Sept. Oct, Nov. Dec, Jan, Feb. Mar, Apr. May June July
03001 | 144 119 (\51 42 13 4 - - 10 7 21 92/
V
250
1500 I | 140 . 126 f\)8 42 9 5 - - 11 8 24 - 99
. - V
247
Bon) : north latitude 24 hours after the chart time )
pred.
Po,) : central pressure 24 hours after the chart time
pred.

Seven sets of the regression equations (table 2) were computed by the IBM T0k.
P.R. stands for the percentage reduction of variance.

Table 2. - Regression equations based on surface data (all tropical cyclones).
W
For July (chart time 0300 1) For September (chart time 15001)

/\,,):-276,3+l.4833)\;-0.5973)\_,,—0,1236x.+0.3622x,,
. +0,3242X,.-0.2717X., PRR-939%
$,,)=+219,9+1.4798%,—0.5118%.,~0.2340X,,+0,2391X,, .
" -04956X.+0.2731X.,, P.R=89.9%
P,)=-1523.8+1,0105p,-0.3539p, +0.7173¢.+0.9689X ,

- -1.0234X.+1.8877X,, P.R-85.0%
For August (chart time 03001)
A:)=-316,7+1,5586A,~0,6123A, ,+0,1881%+0,1620X .
- -0,1390X,+0,2937X,, PR-955%
$,)=+14,6+1.7323%,-0,61832,,+0,1312X —0,0998X
" —0,1806X.+0.1329X,, PR~86.2%
P,)=+874,1+0,6576p+0,5581 %, +1.5124X,~0.8831X
. -2,2006X,+1.1162X., P.R.~78.3%.
For August (chart time 15001)
A.)=—541,3+1,3088A,~0,3330A_+0,4646X,,-0.0992X,,
o +0,3825X,—-0,2086X,, PR.-93.1%
,)=-209.4+1.6726%,-0.6339,+0,1155X,~0,3007X,,
40.2195X,+0.1729X., P.R=88.2%
P,,):*3273.5+0.5652n,+1,43619,-2.4604)(,.*1.53157(::
-1.2413X,,-0.6845X,, P.R.~76.8 %
For September (chart time 0300 )
A,.):s«ss.o+1.147sA,,-o.w;\,,+o.7999g-o.s7me,.
_ 40,4760X,~0,1262Xx, PRR=945%
#,)=-375.6+2.16199,-0,99409.,,-0.2527 X +0.2326 X,
" 40,2001X,+01801X,, PR~953%

P,)—669.5+0,8388p,~0,2225p,,+ L.37519,-0.6306\.,
= 42.5399X,-14545X, PR=70.7%

A, =66.9+ 162437~ 06736\, +0.7432¢,~0.4778%.,
-0,2977X;+0.3655X., PRR-94.9%
$,)7-200,0+1,70509,-0,5798%,,~0,3738X o,
+0,2615X,+0.3094X,, RR~90.4 %
P,)=-416.5+0.7966p,-0.1391p, +3,27429,-0.5289A
" -2.2213¢,+0.7838X,, PRR-73%

For October~July (chart time 0300 I)
A, )= 614.241 4185A.~0.6007A.,, +0.59208,-0.44308,
" +0,4888X,+0,3666 X,;—0.2253X s
P.R.~90.8 %
.)7146.4+1.55896,0,6309¢5,,~0,2879X ++0,1678X,,
“ " 40.0686X,:+0.1502X +0,1387 X 2—0.0902X s,
P R.-85.0 %

P,,Kl49.3+0.92280,-0.2911&,.+].m-o.alm,.

+0,7493X ;+0.7428X,,-0,5448X,—0,4499X..,
RR~77,7%

For October ~July (chart time 15001)

Az 708.1+1,5328A-0,7014A 10,3516 X, +0,5713X,

" ~0,2875X,+0.0898X,, PR.~83.9%
$,), ~39.2+1.56739,~0,67728,~0,1219X -+0,2094 X,

' +0, 1067)(,-0.0672)(,.—0.0844 Xy
P.R~84.0 %
P, 596.240.80040-0, 17530+ 1.66719,~1. 182885,
-0,3186A_,}0,9655X,., P R-74.7%
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An operational independent test is now under way by the staff of the
Forecasting Division, Japan Meteorological Agency, using the data of the cur-
rent typhoon season, 1961.

2. REGRESSION EQUATIONS FOR THE MOVEMENT AND THE CENTRAL SURFACE
PRESSURE OF TYPHOONS IN THE WESTERN NORTH PACIFIC

Typhoons' located in the whole western North Pacific were tested. Here
the area discussed is confined to the North Pacific from O°N. to 34°N. and
from the coasts of China, Formosa and the Philippines to 180°E., excluding
the southern China Sea. The pressure pattern relative to the typhoon center
was expressed by the surface pressure values at 91 grid points as shown in
figure 3.

Regression equations were derived for the full-grown typhoons which oc-
curred in the 5-year period 1956-1960. The numbers of typhoon data samples
were: 1956, 55; 1957, 88; 1958, 91; 1959, T1; 1960, 69. The total number was
374. (Total number of data samples in IBM card form was 3360,) The set of
predictors was 99, as follows:

xl;""' x9l ¢ surface pressure values at chart time (xh7 = po)
)\12 : east longitude 12 hours prior to chart time
¢_12 : north latitude 12 hours prior to chart time
P 15 : central surface pressure 12 hours prior to chart time, and

%b’ ¢°,,k:2h, ¢-2h and P_o), have the same meaning as in section 1, respective-
ly. The set of predictands is as follows:

)12) : east longitude 12 hours after chart time
pred.
¢12) ¢ north latitude 12 hours after chart time .
‘pred.
pl2) : central surface pressure 12 hours after chart time
pred. . '
>h8) : east longitude 48 hours after chart time
C pred. ' ‘
- ¢ﬁ8) ‘ north latitude 48 hours after chart time
" pred. . ‘ o
'PhB) : : central surface pressure 48 hours after chart time

The set of regrgssiop equations cdmputed by the IBM TO4 is shown in table 3.
The independent test of these sets of regression equations is underway by Prof.
C.S. Ramage, University of Hawaii. - )

3. REGRESSION EQUATTONS IN TERMS OF THE SURFACE MAP AND THE 700-MB. MAP

The process of obtaining the forecasting regression equations is almost
the same as stated in section 2 except the pressure pattern was expressed as
the combination of the surface mep and the 700-mb. map. The surface grid
points relative to the full-grown typhoon center are 91 as stated above, while
T00-mb. height values were read off at the grid points 92 to 175. . The number -
of predictors was 183. i.e.: o
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< 78] 71 64 51 | e 3?[ — 29 | 15 )| i
8 78 ) E— SBJI 51 o 7/ I o Ef 1% o[ P
#1 )| 73 j ) I . T 3 ' ] 7 10 3
88 B 7] 7] R ) — B 67| 7| 8| T B
89 &2 7] 68| o1[ 54 p )} Q)| ﬁ : 9] 2 5
%) 3| 76] s‘e& 2 3 o) a1 k7] Zi 20] g €J
91 8 77 70 ~ & 56 — 49 7] 35 28 21 14 7

Figure 3. - Grid used for reading surface pressures (typhoons only).

X) eeeee x9l : 91 surface pressure valuves at chart time
h92 vees h175 : 84 700-mb. height values at chart time and eight more predic-

tors, )B’ ¢o")512’ ¢_12, P_ o >i2h’ ¢-2h’ P_, The grid points relative to

the center of a full-grown typhoon are illustrated in figure L.

172 u?r 137 Er 23 6 [ 102 (3|
173 9 153] 131 124 17, 110 103 3
174 10 ] 12 15 118 m 104 [
175) 147 120 53] 12 119) [ 106 [
[ L JET] 127 120 ni 1) £
49 2 3 128 121 0 107 g ES
-—l v
10 a 1% 12 7] [ [ 101 Ed

5| 7

i) [5) Ed ] 2 a5 £l 21 " 7

Figure 4. - Grids used for reading surface pressures (bottom)
and T0O-mb. heights (top).
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Table 3. - Regression equations based on surface data (typhoon only).

A h==242.3+1,3669 - 03951 ), #0,0682X,:+0,1752X

=0,0572X ++0.0575X . PR.=99.2%
B)e— 57.3+1,5595¢~0,3833%,,-0,1734%,+0,0553X,,

=0.0733X,,+0.0750X,, P.R~98.9%
Py, )ei==775.4+1.0978p,~0. 1470p,,-0,1457p,,~0,1046\_,,

+0,7267X,+0.2416X,, PR.-86.4%

Ay “5BO.6+LEBI2N,~0,7516) ,+0.72096-0, 61550 i}

+0.2443X,:+0,3469X,, P.R~971%
9524>p,edf-112.5_+2.27979§)-1.254055_,2+O.1284X90-0.0692X52
+0,1821X,,-0,1203X,, P.R.~95.9%

P24)p,ed.=—1581.9+0.8613p0—0.3225_13_24-0.3547)\_ ,+0.9063X.
+1.0163X,,—~0,9921X ,+1,1250X,,
P.R~61.3%

?\w)p;—1037.6+1.8948)\0—1.O458)\~24+ 2,13119,-1,79839
+0.6461X,,+0.6245X .~ 0,2289X
P.R~89.2%

1548')pm_=-«-106.6+2'.8977¢0-1.8073?5_,2—0.5396X46+0.2914X40
+0.2132X,7+0,2034X,,—~0,0613X...
P.R~88.3%

P,),..=—1790.4+0 6493 0.5141p,,~0,6288)_,+2,6177X,
+1.4297X,,~1.3597X_ P.R~40.7%

~ The number of typhoon data samples was: 1957,88; 1958, 91; 1959 » T1; 1960,
69, and the total number was 319. (Total number of data sample in IBM card
form was 510L.)

‘ Regression equations computed for 12 hours, 24 hours and 48 hours after
i chart time are given in table L » Where Ho = hl}h' ‘
| ,

|
o
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Teble 4. - Regression equations based on surface and T0O-mb. data (typhoons
only).

A w=—32,4+1,7792A ,~0,7922\ _,,~0,0076, h,,,+0,0576 X,,,,
P.R.=99.5 %

+0,0568X,,,
P.R.=99.1%

P,,),..=—117,8+0,6980p,~0,2245p , +0,6052X,+0,0385, H,
—0,0301, h,.,, P.R.=86.9%

&) =—33.0+1,77108—0,77708,,~0,0076, h

pred, 147

A ei=—443,2+2,2714\,~1 3341\ _-0,0130, h,,—0,0131, h,,

+0,1648X,,+0,3640X,,, P.R.=98.0%
B, )e=—40,2+2,2424 P —1,2208%,— 0,0255, h,, +0,0167, h,,,
+0,0117, h,,+0,0099. h,..., PR.=97.2%

D,,),n=—172.6+0,0949. H—0.3076 p,,,—0,3304 A_,— 0,0384, h,,,

+ 1,5687 X14+1.1770X~|U— 194217X62{ L4
P,R,=63.5%

A D ei=—514,7+2,9247 X\ —2,06001_,+1.77730—1,54918,,
—0,0237, h,,+0.0662, h,,+0.3896X..,
| P.R.=90,9%
B o) o=t 32.5+2.,68998-1,55688,,—0,1904X ,+0,0376, h,
+0,0362, h,,;~0,0441, h,,+0,0216, h ., ,
P,R.=90,2%
P,.)wei=—1403,7+0,0700, H,— 0,4249p —0,5846 )\ ,+2,4512X,
—0,0791, h,,+0,1376, h,,., P,R.=43,7%
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So far, these regression equations show much promise. Data from the
T00-mb. chart seem to give prognostic equations with a higher reliability as
shown in terms of the percentage reduction of variance.

In conclusion, it should be remarked that values for longitude and lati-
tude are expressed in degrees and tenths, those for surface pressure in
millibars, and those for height of the T00-mb. surface in meters, throughout
this paper.
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